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ABSTSACT 


(U)  The  reauits  of  Che  Task  II  phaae  of  an  injector/cbaaibar  acallng 
feasibility  prograa  are  presented.  During  the  fourteen  aonth  prograa 
covering  the  period  iron  11  Deceaber  1968  to  S  February  1970  three 
ablative  thruat  chasbera  were  designed,  fabricated  and  teat  fired.  Low- 
cost  llaar  naterlala  were  used  in  three  cbanber  designs;  the  ■atarial 
selection  was  based  upon  subscale  test  data  generated  by  both  AFKFL  and 
XtM  Systeaa.  Low-coat  fabrication  techniques  were  eaployed  throughout, 
ablative  cowponenta  were  fabricated  by  tape-wrapping,  hand  lay-up,  high 
pressure  aoldiug  and  casting.  Several  fabrication  probleas  with  the  low- 
cost  aaterlals  were  delineated.  Four  ablative  materials  were  evaluated 
in  the  teat  program.  Two  of  the  materiala  evaluated  (MZ-2600  silica- 
phenolic  and  Dow-Coming  93-104  filled  silicone  rubber)  had  acceptable 
performance  for  use  in  low-cont  engines  of  this  type  and  for  use  in  multi- 
million  pound  thrust  booster  engines. 


^^^NCLASSIFIED 


U199-60Q7-R8-00 
P«g«  ▼ 


UNCLASSm 


CONTEKTS 


2. 


3. 


INTRODUCTION  AND  SUMMART 

1. 1  INTRODUCTION 

1.2  SUMMARY 

1.2.1  Deslga  «nd  FabrlcAtlon-Ablatlv*  Tiiruflt 
Ctuabcr  Aac«ably 

1.2.2  T«8C  Ruults 

1.2.3  Progrm  EvaluAtloa 
ENGINE  DESIGN  AND  FABRICATION 

2.1  GENERAL 

2.2  2S0,000  LBF  THRUST  DEMONSTRATION  ENGINE  DESIGN 

2.2.1  Englna  Oparatioa 

2.3  THRUST  CHAMBER  DESIO^  AND  FABRICATION 

2.3.1  Praaaura  Shall 

2.3.2  Ablativa  Liner  No.  1 

2.3.3  Ablativa  Linar  No.  2 

2.3.4  Ablativa  Linar  No..  3 

TEST  RESULTS 

3.1  GENERAL 

3.2  TEST  HARDVARE 

3.3  TEST  RESULTS 

3.3.1  Checkout  Firings  -  S/N  003  Deamstratlon  Injector 

3.3.2  Long  IXiratlon  Firing  No.  1  -  X405090-1 


Engine  Aasoably 

3.3.3  Long  Duration  Firing  No. 
Engine  Aeseably 

3.3.4  Long  Duration  Firing  No. 
Engine  Asaeably 


2  -  X4 05090-3 


3  -  X405090-2 


4.  CONCLUSIONS 


APPENDIX  A 

APPENDIX  B 

APPENDIX  C 
APPENDIX  D 
APPENDIX  E 


Stsaa  Analysis  of  2S0K  Long  Duration  Thrust 
Chaabar  Shell  Asscably  <404342) 

Subecale  Chanbcr  Liner  Materials  Evaluation 
Prograa 

Ablative  Liner  Sizing 
Cost  Analysis 
Data  Reduction 


ductlon  Procedures  _ 

UNCLASSIFi# 


1-1 

1-1 

1-1 

1-1 

1-2 

1- 3 

2- 1 
2-1 
2-3 
2-3 
2-3 

2- 4 
2-18 
2-26 

3- 1 
3-1 
3-1 
3-1 
3-1 

3-4 

3-U 

3- 17 

4- 1 


Total  Pagss:  165 


11199--60Q7r.Il8-00 
Page  vl 


t^fsMNClASSIFIED 

LIST  OF  FIGURES 


Figure  Title  Page 

2-1  X405090  Engine  Ass'y,  250K  Deaonstration  Static  Test  2-2 

2-2  XA04342  Thrust  Chamber  Shell  Ass'y  Long  Duration  250K  2-5 

2-3  XAOA3A2  Pressure  Shell  2-6 

2-4  X404342  Thrust.  Chairber  Shell  Ass’y  2-7 

2-5  250,000  Ibf  Long  Duration  Thrust  Chamber  Ablative  Liner 

Thickness  for  Single  120-second  Continuous  Burn  (Gas 
Recovery  Tenperatu)re“4850*F)  2-9 

2-6  X404361  250K  long  Duritlon  Thrust  Chaabex  Ass'y 

Conf igutaf Ion  1  2-10 

2-7  X404361-4  Tape  Wrapping*  Operation  2-11 

2-8  X404361-4  Throat  Section  Near  Completion  2-11 

2-9  X404361-4  Throat  Section  After  Cure  2-12 

2-10  X404361-4  Throat  Section  After  Machining  2-12 

2-11  X404361-4  Finished  Throat  Section  2-13 

2-12  X404361-5  Exit  Cone  Lay-Up  2-14 

2-13  X404361-5  Completed  E:.<it  Cone  Lay-Up  2-14 

2-14  X404 361-5  Cured  Exit  Cone  2-14 

2-lS  X404361-S  Installed  In  Pressure  Shell  Set-Up  for 

Machiiilng  2-15 

2-16  X404361-5  Exit  Cone  Being  Machined  2-15 

2-17  T4':‘*61-4  Throat  Section  Being  Lowered  into  Chamber  2-15 

2-18  A  .j6i-3  MXA-150  Chamber  Section  2-17 

2-lV  ''■i('il-2  Liner  Ass'y,  Showing  Exit  Cone,  Throat 

and  clumber  Sections  2-17 

2-20  X4C4361-1  Long  Duration  Thrust  Chamber  Ass'y  No.  1  2-17 

2-7.1  X4043M-1  Long  Duration  Thrust  Chamber  Ass'y  No.  1  2-18 

2-22  X404362  250X  Long  Duration  Thrust  Chamber  Ass'y 

Configuration  2  2-19 

2-23  X404362  Chamber,  DC-93-104  Casting  Set-Up  2-23 

2-24  X404362-1  DC-93-104  Chamber' Throat  Plaster  in  Place  2-24 

2-25  X404362-1  DC-93-104  Chamber  Throat  Casting  2-24 

2-26  X404«362-1  DC-93-104  Chamber  Exit  Cone  Mandrels 

and  Casting  2-24 

2-27  X404362-1,  DC-93-104  Chamber  Dome  Section  Plaster  Mold  2-24 

2-23  X4 04362-1  DC-93- 104  Chamber  Cast  Dome  Section  2-25 

2-29  X404362-1  DC- 93-104  Chamber  Mandrel  2-25 

2-30  X404362-1  DC-93-104  Chamber  looking  forward  2-26 

2-31  X404362-1  DC-93-104  Chamber  looking  aft  from  chamber  end  2-26 

2-32  X404362-1  Chamber  OC-93-104  Exit  cone-throat  section 

locking  forward  2-27 

2-33  X404363  2S0K  Long  Duration  Thrust  Chamber  Ass'y 

Configuration  3  2-29 

2-34  X404361-4  Throat  Section  Prior  to  Assembly  2-30 

2-35  X404361-4  Throat  Section  being  installed  in  Fresaura 

Shell  2-30 

2-36  X404363-7  Partial  Thrust  Chamber  Ass'y  2-31 

2-37  DPS-161  Mix  at  Start  of  Mixing  Cycle  2-31 

2-38  DP5-161  Mix  Prior  to  Casting  2-33 

2-39  X404363-1  Dosm  Section  at  Completion  of  Casting  2-33 

„0IE0tlNCLASSIFIED 


LIST  OF  FIGURES  (Con't) 


fisure  Title  Page 


2-40  X404363  Done  Section  prior  to  Assembly  2-33 

2-41  X404363-1  2-lnch  Thick.  Cylindrical  Chamber  2-34 

2-42  X404361-1  Completion  of  Casting  Chamber  Section  2-34 

2-43  DP5-161/MX-2600  Interface  Looking  Aft  2-34 

2-44  MXA-ISO  Segment  Punches  2-35 

2-45  Holded  KXA-150  Pwd  Segment  Cavity  2-35 

2-46  Rough  Holded  KXA-150  Pwd  Segment  Set-Up  for  Trimming  2-36 

2-47  Holded  KXA-ISO  Fwd  Segment  (rough)  Set-Up  for  TrlaBlng  2-36 

2-48  9  Forward  Panels  In  Place  2-37 

2-49  Key  Ait  Panel  Being  Installed  In  the  Exit  Cone  2-37 

2-50  X404363-1  Chamber  Prior  to  Shipment  to  the  AFRPL  2-38 

2- 51  X404363-1  Chamber  Prior  to  Shipment  to  the  AFS7L  2-38 

3- 1  Measured  Thrust,  Task  II  Test  Program  3-3 

3-2  Specific  Impulse  Efficiency,  S/N  003  Injector  3-5 

3-3  Combustion  Efficiency,  S/N  003  Injector  3-5 

3-4  Fuel  Injeccor  Conductance,  S/N  003  Injector  3-6 

3-5  Oxidizer  Injector  Conductance,  S/N  003  Injector  3-6 

3-6  Specific  Impusle  Efficiency,  S/N  003  Injector  3-7 

3-7  Specific  Impulse  Efficiency,  Firing  107  3-9 

3-8  Thrust  and  Stagnation  Pressure,  Tent  Firing  107  3-9 

3-9  Erosion  Race  of  KX-2600  Throat  Insert,  Test  Firing  107  3-10 

3-10  Specific  Impulse  Efficiency,  Firing  111  3-12 

3-11  Thrust  and  Stagnation  Pressure,  Test  Firing  111  3-13 

3-12  Post-Test  Measurements,  HX-2600  Throat  Insert  3-13 

3-13  Erosion  Rate  of  HX-260O  Throat  Insert,  Test  Firing  111  3-14 

3-14  Fuel  Injeccor  Conductance,  S/N  001  Injector  3-16 

3-15  Oxidizer  Injector  Conductance,  S/N  001  Injector  3-16 

3-16  Erosion  Pattern  at  Throat/Exit  Cone  Interface  Test 

Firing  111  3-17 

3-17  Specific  Impulse  Efficiency,  Test  Firing  117  3-18 

3-18  Thrust  and  Stagnation  Pressure,  Test  Firing  117  3-19 

3-19  .Pose-Test  Measurements,  X404362  Throat  3-20 

3-20  Erosion  Rate  of  DC-93-104  Throat,  Test  Firing  117  3-21 

3-21  Fuel  Injector  Conductance,  S/N  002  Injector  3-22 

3-22  Oxidizer  Injector  Conductance,  S/N  002  Injector  3-22 


»/•< 


11199-6007-RO-00 
P*ge  vlli 


UNCLASSIFIED 

LIST  OF  TABLES 


Table  Title  Paee 

1- 1  250,000  Lbf  Thrust  Low-Cost  Ablative  Englaea  1-2 

2- 1  Static  Teat  Engine  Design  Paraaetera  2-1 

2-2  Properties  of  Hateriala  Used  in  E40A361-2 

Liner  Assembly  2-11 

2-3  Properties  of  Materials  Used  in  1404362-2 

Liner  Assembly  2-20 

2-4  DC-93-104  Batch  Mixes  2-21 

2-5  Properties  of  Materials  Used  in  X404363-2 

Liner  Assembly  2-28 

2-6  DP5-161  Batch  Mixes  2-32 

2- 7  Weights  of  Molded  KXA-130  Segments  2-36 

3- 1  Teat  Hardware  Configurations  3-2 


UNCLASSIFIED 


UNCLASSIFI  ED  " 


F 

P 

c 

0 

p 

I 

•p 

n 

c* 

Y 
K 

KLICF 

PIP 

KUCO 

4P 

APr 

V 
W 

dr/dC«R 

Subicrlptg 

e 

c 

o 

r 

t 


rUKEMCLATURE 

thrust,  Ibf 
pressure,  psla 
sren  ratio 
oxidizer 
fuel 

specific  impulse,  Ibf/lbm-sec 
efficiency 

characteristic  velocity,  ft/sec 

specific  iieat  ratio 

conductance,  defined  in  text 

fuel  injector  c  oductance 

fuel  injection  pressure 

oxidizer  injector  conductance 

pressure  difference,  psl 

pressure  difference  ratio,  AFlo/AFif 

v'xture  ratio,  vo/vf 

flowrate,  Ib/sec 

erosion  rate,  fmils/sec) 

exit 

chaaber 

nozzle  stagnation,  or  oxidizer 

ratio 

injection 

fuel 

UNCLASSIFIED 


f 


UNCLASSIFIED 


.11199-6007-R8-00 
Page  1-1 


SECTION  1 

INTaODUCriON  AND  SUMMARY 


1.1  INTRODUCTION 

(U)  Thla  report  is  Volume  II  of  a  two  volume  final  report  on  the  Injector/ 
Chamber  Scaling  Feasibility  Program,  Contract  F04611-68-C-0085.  Under  the 
requirements  of  this  contract  TRW  Systems  designed  and  fabricated  low-coat 
injector/chamher  hardware  for  test  and  evaluation  at  the  AFKFL.  The  pro¬ 
gram  consisted  of  two  tasks:  (1)  Task  I  -  250,000  lb,  thrust  Injector/ 
Chamber  Development;  and  (2)  Taak  II  -  250,000  Ib^  thrust  long  Duration 
Ablative  Chamber  Evaluation. 

(U)  The  objectives  of  Che  program  were  to  demonstraCe  performance,  stability 
and  injector/ablative  liner  compatibility  and  to  verify  scaling  techniques 
for  rocket  engines  over  a  range  of  thrust  levels  of  100,000  Ibf  to  5,000,000 
Ibf.  The  Taak  I  effort  Is  summarised  in  Volume  1  of  this  fli»l  report. 


(U)  Volume  II  describes  Che  Task  II  effort  during  Che  period  from  11 
Decead>er  1968  to  5  February  1970  and  covers  the  design,  fabrication  and 
teat  of  three  low-cost  ablative  thrust  chaadiers. 


1.2  SUMMARY 

(U)  Following  la  a  summary  of  Che  significant  subtasks  perfacmed  In 
support  of  the  Task  II  program  objectives. 

1.2.1  Deaian  and  Fabrication  -  Ablative  Thrust  Chanher  Assemblies 

(U)  The  material  selections  for  Che  three  ablative  chasd>ers  were  based 
upon  results  of  subscale  test  programs  conducted  at  both  the  AFRPL  and 
TRW  Systems.  Cost-effectiveness  studies  were  made  of  chamber  liners  using 
the  most  proadalng  smterials.  Final  material  selections  were  based  on  the 
cost-effectiveness  studies,  fabrication  processes  adaptable  to  larger  slse 
ablative  liners,  and  new  sucerlal  technology.  Cost-effcctlvencsa  ($/sq. 
foot  installed)  findings  for  the  four  materials  used  in  the  chsadxir  liners 
ace  sumarlxeu  as  follows: 


terial  Fabrication  Method 

Liner  Comnonenc 

KXA-ISO 

Layed-up 

Chamber 

114 

ThrpRI 

Exit  Cone 

HXA-lSa 

Molded 

- 

- 

120 

MX-2600 

Layed-up 

- 

- 

115 

MX-2600 

Tape-wrapped 

434 

- 

DC-9  3-104 

Cast 

145 

294 

142 

DP-5-161 

Cast 

144 

- 
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(U)  Thrac  thrust  chamber  asst^wibliea  wer*  tk^signcd  and  f*brlc*C*d.  Th* 
pressure  shells  to  contain  tt'  j  chlative  liners  were  desigaed  end  fabricated 
of  United  States  Steel  (USS)  T-1  steel  alloy.  Table  1-1  suMrclxes  Che 
three  long  duration  engine  assemblies. 

(U)  Table  1-1.  250,000  Lbf  Thrust  Low-Cost  Ablative  Engines 


Engine  Assembly 

X40S090-1 

XJ0S090-2 

X40S090-3 

Injector  (S/N) 

003 

002 

001 

Thrust  Chamber 

X404  361-1 

X404362-1 

X404363-1 

Materials 

Injector 

LCS* 

LCS 

LCS 

T/C  Shell 

USS  T-1 

USS  T-I 

OSS  T-1 

Ablative  Liner 

Chamber  Section 

MXA-150 

DC-93-1C4 

DP5-161 

Throat 

MX-2600 

DC-93-104 

MZ-2600 

Exit  Cone 

MX-2600 

DC-93-10A 

MQCA-ISO 

Weight  (Lbs ) 

Injector  Assy. 

1500 

1500 

1500 

Pressure  Shell 

2850 

2850 

2850 

Ablative  Liner 

1010 

680 

1130 

Dimensions  (Inches) 

Throat  Diameter 

26.10 

26.10 

26.10 

Contraction  Ratio 

1.80 

2.07 

1.80 

.  .lonber  Length 

54.0 

54.0 

54.0 

Cltamber  Length  Dla. 

1.54 

1.44 

1.54 

Characteristic  Length, L* 

89 

104 

89 

Expansion  Ratio 

4.0 

4.0 

4.0 

*  Low  Carbon  St(>el 


<U)  Tti*  configuration  1  ablative  liner  consisted  of  a  cape-wrapped  MZ-2600 
(slllcn-phenollc)  throat  insert,  an  HX-2600  (sllica-phenolle)  exit  con* 
liner  iayed  up  In  a  rosette  pattern,  and  an  KXA-150  (asbeatos-phenollc) 
chamber  liner  which  was  layed-up  parallel-to-surface.  The  exit  cone  and 
chaober  sections  were  cured  in  place  at  100  pal  while  the  throat  Insert  was 
cured  in  an  autoclave  at  100  psl,  machined  and  secondarily  bonded  Into  the 
preeaure  shell  using  an  epoxy  adhesive.  The  chamber  Internal  configuration 
consists  of  an  69  inch  L*.  a  1.54  chamber  length  to  dtaawtar  ratio,  and  a 
l.BO  contraction  ratio. 

(U)  The  configuration  2  ablative  liner  conslated  of  a  cast  Dow-^mlng 
93-104  f llled-sllicone  rubber  throughout  the  chamber.  The  llnar  was  cast 
in  three  sections;  the  throat-exit  cone,  the  dome  section,  and  the  cylin¬ 
drical  chamber  section  using  internal  plaster  molds  and  shaat  matal/plyvood 
mandrels.  The  cast  chamber  was  cured  at  room  temperature.  Thla  chamber 
iutscnal  configuration  censicts  of  a  104  inch  L*,  a  1.4A  cbsibar  length  to 
diameter  ratio,  and  a  2,07  contraction  ratio. 

(U)  The  configuration  3  ablative  liner  consisted  of  a  tape-vrappad  HX-2600 
(silica-phenolic)  throat  insert,  an  MXA-150  (asbestoa-phenollc)  exit  cone 
liner  and  a  caat  Ironsides  Resin  DP5-161  chamber  liner.  The  exit  cone  was 
fabricated  from  compression  molded  KXA-150  segments  which  were  secondarily 
bonded  into  the  pressure  shell.  The  DPS-161  chamber  section  was  cast  In 
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two  sectlona,  the  dome  and  cylindrical  chamber  section,  using  internal 
plaster  molds  and  sheet  metal/plywood  mandrels.  The  cast  chamber  section 
was  cured  at  room  temperature.  This  chamber  internal  configuration  consists 
of  an  89  inch  L*,  a  1.54  chamber  length  to  diameter  ratio,  and  a  1.80  con¬ 
traction  ratio. 


1.2.2  Test  Results 


1.2. 2.1  Demonstration  and  Development  Inlector  Firings 

(U)  Four  checkout  firings  of  the  S/H  003  demonstration  Injector  were  wde 
prior  to  start  of  the  ablative  liner  firings.  The  data  from  these  four 
firings  were  in  substantial  agreement  with  those  data  obtained  with  the 
S/K  001  and  S/N  002  injectors.  The  S/N  003  demonstration  Injector  was  then 
used  with  the  configuration  1  ablative  liner  (X404361-1). 

1. 2.2.2  Ablative  Liner  Configuration  1 

(C)  The  X404361-1  ablative  liner  assembly  was  fired  on  4  December  1969  for 
66  seconds.  The  erosion  rate  of  the  silica-phenolic  throat  Insert  was  about 
6  nils/second  which  was  slightly  lower  than  the  predicted  value.  The  average 
erosion  rate  of  Che  silica-phenolic  exit  cone  was  essentially  as  predicted, 
although  there  were  several  localized  regions  which  indicated  higher  erosion 
rates  than  normal.  Erosion  of  the  MXA-150  asbestos-phenolic  material  in  the 
dome-chamber  section  was  approximately  twice  that  predicted  by  the  AFBPL 
material  screening  program  for  MXA-150.  In  addition,  the  erosion  rate  was 
nearly  twice  that  predicted  for  the  only  aabestos-phenollc  material  tested 
in  the  TRW  Systems  subscsle  test  program. 

1.2. 2. 3  Ablative  Liner  Configuration  2 

(C)  The  X404362-1  ablative  liner  assembly  was  fired  on  7  January  1970  for 
98  seconds.  The  erosion  rate  of  the  DC-93-104  material  in  the  throat  was 
about  3.0  mils/sec  which  was  slightly  lower  than  the  predicted  value.  There 
was  essentially  no  erosion  in  the  exit  cone.  The  char  layer  was  estimated 
at  approximately  0.4  inches  thick  at  the  exit  plane  with  0.2  inches  of  virgin 
material  remaining.  Erosion  of  the  silicone  rubber  in  the  chamber-dome 
section  was  essentially  zero.  Most  of  the  char  layer  was  lost  during  the 
shutdown  and  purging  period  but  the  char  layer  that  remained  was  estimated 
at  0.4  intbes  with  approximately  0.4  inches  of  virgin  material  remaining. 

1.2. 2. 4  Ablative  Liner  Configuration  3 

(C)  The  X404363-1  ablative  liner  assembly  was  fired  on  12  December  1969 
for  83  seconds.  The  erosion  rate  of  the  silica-phenolic  throat  insert  was 
about  3  mils/second  which  was  considerably  lower  than  the  predicted  values. 
Erosion  of  the  DP5-161  silica-phenolic  material  in  the  chamber  section  was 
also  lower  thaii  the  predicted  value  determined  in  the  AFRPL  material 
screening  program.  The  chamber  liner  was  subjected  to  considerable  crack¬ 
ing  and  portions  of  the  done  and  chamber  liner  were  ejected  on  shutdown. 
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1.2.3  Program  Evaluation 

(C)  The  measured  s^^ecific  impulse  of  the  three  ablative  engines  was  88 
percent  ^  O.S  percent  of  the  theoretical  value  at  the  nominal  design  mixture 
ratio  of  2.60.  The  maximum  performance  measured  was  S9  percent  at  a  mixture 
ratio  of  2. SO.  The  average  weight  of  the  three  long  duration  ablative 
engines  is  estimated  to  be  S290  pounds.  The  injector  assembly  weighs  1500 
pounds,  the  thrust  chamber  pressure  vessel  weighs  2SS0  pounds  and  the 
ablative  liners  weigh  from  660  to  1130  pounds  with  the  configuration  2 
ablative  liner  being  the  lightest  weight  design. 

fU)  Tte  inherent  dynamic  combustion  stability  of  the  three  injectors  was 
deaonstrated  during  the  checkout  firings  and  three  long  duration  firings 
in  this  phase  of  the  program. 

(U)  Acceptable  ablative  performance  was  achieved  with  the  Fiberite  MX-2600 
(silica-phenolic  tape  or  broadgoods)  used  as  a  liner  for  two  of  the  three 
throat  inserts  and  in  one  exit-cone.  Acceptable  ablative  performance  also 
was  achieved  with  the  Dow-Coming  DC-93-104  silicone  rubber  used  throughout 
the  configuration  2  liner. 

(U)  A  number  of  low-cost  fabrication  techniques  wera  avaluated.  Tap# 
wrapping  over  a  male  mandrel,  and  hand  lay-up  of  standard  ablaclva  matarlals 
In  conjunction  with  a  lou-pressure  cure  cycle  appear  applicabla  for  fabri¬ 
cating  large  ablative  components  but  would  require  eapenalva  tooling. 

Casting  of  room  temperature  curing  ablatora  la  a  feasible  technique  for 
producing  large  ablative  components  without  the  use  of  eapenalve  cooling. 

The  high  preseure  molding  of  interlocking  peaela  appears  to  be  e  practical 
eechnqlue.  The  Joint  design  end  accondary  bonding  of  Che  molded  panels 
CO  Che  shell  becoam  the  critical  and  expensive  part  of  the  ablative  comp 
ponenc. 
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2.1  GENERAL 

(U)  The  TRH  low-cosc,  pressure-fed  engine  design  consisted  of  two  najor 
assemblies  -  a  centrally  located,  coaxial  injector  and  an  ablatively 
cooled  thrust  >.haaber.  The  engine  used  low-cost  storable  propellants 
(N20^/UDMH)  which  are  compatible  with  conventional  materials  of  construction. 
The  engine  was  designed  with  a  minimum  of  "precision"  tolerances  such  that 
industrial  fabrication  techniques  could  be  used  to  fabricate  both  the 
injector  and  thrust  chamber  shell.  Low-cost  ablative-type  thrust  chamber 
liners,  capable  of  being  fabricated  by  low-cost  techniques,  were  used  to 
protect  the  chamber  shell  during  Che  long  duration  engine  firings. 

(U)  The  Task  II  Design  and  Fabrication  effort  consisted  of  the  design  and 
fabrication  of  three  long  duration  thrust  chamber  assemblies  (TCA’s) 
comprised  of  an  ablative  liner  and  pressure  shell.  The  selected  ablative 
materials  for  these  TCA's  were  based  upon  subscale  teat  results  and  material 
studies  conducted  sC  both  TRW  Systems  and  the  AFRPL.  The  demonstration 
injectors  to  be  fired  with  the  three  TCA's  were  fabricated  during  Task  1 
of  the  program.  These  injectors  were  based  upon  the  test  results  achieved 
with  Che  development  injector  configurstlons.  The  average  assembly  weight 
of  the  three  ablsclve  engines  is  estimated  to  be  S290  pounds  with  the  ligheat 
engine  being  the  configuration  2  (5030  pounds)  design.  The  injector  assembly 
weighs  1500  pounds,  the  thrust  chaaiber  pressure  vessel  weighs  2850  pounds, 
and  the  ablative  liners  weigh  from  680  pounds  to  1130  pounds. 


2.2  250,000  LBF  THRUST  DEMONSTRATION  ENGINE  DESIGN 

(U)  The  250,000  Ibf  thrust  (vacuum)  di^nstrstion  engine  design  <XA05090) 
is  shown  in  Figure  2-1.  This  engine  is  comprised  of  two  major  assemblies, 
the  centrally  located,  coaxial  demonstration  injector  and  the  ablative  lined 
thruat  chaad)er.  The  design  is  based  on  achieving  tha  parameters  shown  in 
Table  2-1.  The  design  teat  duration  was  120  seconds.  The  two  primary 
objectives  of  the  test  firings  were  the  determination  of  injector /chamber 
compatibility  and  the  evaluation  of  low-coat  ablative  materials. 

(C)  Table  2-1  Static  Test  Engine  Design  Parameters  (U) 


F(vac),  Ibf 

P,  psia 

e  ,  Ae/At 
c 

e^,  Ac/At 


250,000 

300 

A.O 

2.0  (Nominal) 


0/K 

I,p  (vac), 
'’lap 

C*,  ft /sec 
'’C* 


2.60  (Nominal) 

Ibf-sec/lbm  283.3  (Theoretical  Shifting  Equil.(50/F"2.60) 
0.90 

5596  (Theoreclr:;!  Shifting  Equil .(|0/F”2 .60) 
0.9375 
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(U)  The  design  criteria.  Including  propellant  flows,  calculated  pressure 
drops,  and  predicted  stress  levels  used  In  the  developnent  hardware  design 
have  been  detailed  In  Voluae  I.  The  demonstration  Injectors  used  In 
Task  II  are  sacentially  Identical  to  the  development  Injector  except  for 
method  of  attachment  of  the  oxidizer  orifice  ring.  The  pressure  shell 
used  with  the  ablative  liners  Is  fabricated  from  USS  T-1  steel  alloy  In  all 
areas  except  the  long  weld  neck  flange  which  Is  ASIM  A-181  carbon  steel. 

The  stress  analysis  for  the  pressure  shell  used  with  the  ablative  liners 
la  presented  in  Appendix  A.  The  stress  analysis  was  based  on  a  steady- 
state  pressure  of  600  psl  lu  the  injector  and  chamber. 

(U)  The  selection  of  materials  to  be  used  in  the  ablative  liners  vers 
based  upon  test  results  obtained  In  the  AFKPL  "in-house"  material  screening 
program  and  the  TRU  Systems  sub-scale  Materials  Evaluation  Program  (Appendix 
B).  The  thicknesses  of  the  various  materials  were  determined  using  the 
procedure  given  in  Appendix  C. 

(U)  The  unit  costs  for  quantlti  -  of  1,  3  and  10  pressure  shells  and 
ablative  liner  assemblies  are  givun  In  Appendix  0. 


2.2.1  Engine  Operation 

(U)  Combustion  was  initiated  by  opening  an  8-lnch  facility  oxldlxer  valve 
(propellant  valves  were  not  supplied  with  the  engine)  so  as  to  provide  a 
definite  oxidizer  lead.  Oxidizer  entered  the  injector  through  an  6-lach, 

300  lb  ASA  welding  neck  flange  located  on  the  Injector  centerline  and 
flowed  through  the  oxidizer  tube.  The  oxidizer  was  turned  90*  by  the  con¬ 
toured  pintle  tip  and  was  injected  vsdlally  through  multiple  orifices.  Fuel 
entered  the  fuel  manifold  through  a  6~lnch,  300  lb  ASA  welding  neck  flange 
and  then  was  Injected  as  a  hollow  cylindrical  sheet. 

to)  The  fuel  sheet  impinged  with  the  radial  oxidizer  streams  approximately 
2.3  Inches  from  the  fuel  orifice.  Since  the  propellants  were  hypergollc, 
combustion  took  place  upon  contact  of  the  fue.'.  with  the  oxidizer.  After 
120  seconds  of  operation  both  facility  propellant  valves  were  to  be  se¬ 
quenced  closed.  Caseous  nitrogen  was  used  to  purge  the  residual  propellants 
from  Che  manifold. 

2.3  THRUST  CHAMBER  DESIGN  AND  FABRICATION 

2.3.1  Pressure  Shell 


2.3. 1.1  Design 

f 

(U)  The  pressure  shell  design  for  the  ablative  liners  was  similar  Co  the 
X403646-1  heat-sink  combustion  chamber  design  which  was  used  in  the  Teak  1 
program.  Two  sMjor  changee  were  made  in  the  design  of  the  pressure  shell; 
(1)  the  body  was  split  Into  two  sectionc  with  flanges  to  sllow  Insertion  of 
the  tape-vrspped  throat  Insert  sud  (2)  the  tt'lckncse  of  the  exit  cone  shell 
was  decreased  from  0.5  Inches  to  0.25  inchss. 
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(U)  The  X404342  pressure  shell  (Figure  2-2)  was  designed  using  USS  T-1 
steel  In  all  areas  except  the  long  weld  neck,  flange  (X404342-14)  which  was 
ASTM  A-181,  Grade  II,  carbon  steel.  The  head  (X404342-13)  was  a  2:1  ASME 
Code  elliptical  head  of  USS  T— 1  steel,  39.0  Inch  I.D.  by  0.5  Inch  wall 
thickness.  The  plate  sections  of  the  chasiber  sections  were  0.50  Inch 
thickness  while  the  exit  cone  plate  thickness  was  0.25  Inches.  The  closure 
flanges  (X404342-9,  10)  were  sachined  from  USS  T-1  forgings. 

(U)  The  thrust  «ounc  consisted  of  a  1/2  In.  thick  support  ring  (X404342-11) 
fabricated  from  USS  T-1  steel  plate  8.7  Inch  wide  by  130.0  inch  long.  The 
support  ring  was  welded  to  the  cylindrical  chanber  section  downstreca  of 
the  weld  which  connected  the  semi-elliptical  head  (X404342-13)  to  the  fore 
flange  (X404342-10) .  Shins  were  used  to  space  the  -11  support  ring  so 
that  a  nlnisaun  0.040  Inch  clearance  was  maintained  between  the  support  ring 
and  seal-elliptical  head.  The  thrust  mount  ring  was  fabricated  from  1.00 
inch  thick  USS  T-1  steel  plate  which  was  welded  to  the  support  skirt.  The 
oiountlng  hole  pattern  was  20,  1-1/8  inch  diameter  holes,  on  a  44.0  inch 
diameter  bolt  circle.  This  thrust  mount  configuration  was  used  on  both 
heat-alnk  combustion  chambers  which  were  fabricated  during  Task  I. 

(U)  Tlie  pressure  shell  design  incorporates  twenty-two  1/4-18  MPT  ports 
for  the  purpose  of  thermocouple  in.itallation  and  pressure  measurement. 

TI:e  two  pressure  taps  were  located  In  the  16-lnch  300  psl  ASA  long  welding 
neck  flange.  This  allowed  for  a  head-und  pressure  measurement  in  the 
annulus  between  injector  and  flange.  Twenty  of  the  ports  were  located  at 
five  axial  pos '  Ions  to  measure  the  ablative  liner  backwall  temperature. 

(U)  Tha  major  differences  in  the  design  of  ths  three  pressure  shells  vsrs 
in  ths  exit  cone  sres.  The  X404342-2  exit  cone  section  was  dtslgned  to 
s  53.60  inch  sxlt  plane  10  to  accomodate  ths  0.7  Inch  thick  ablative  liner 
while  both  the  X404342-1  and  X404342-21  were  fabriceted  Co  e  53.20  Inch 
exit  plane  ID  for  the  0.5  Inch  chick  ublative  llnera.  Identical  stiffener 
rings  were  added  to  the  -1  and  -2  pressure  shell  configurations.  The 
stiffener  ring  on  the  X404342-21  pressure  sh<all  assembly  was  designed  with 
48,  21/32  inch  holes  to  match  the  end  closure  tooling  which  was  used  for 
curing  the  KX-2600/HXA-150  In  place. 

2.3. 1.2  Fabrication 

(U)  Three  preesure  shells  were  fabricated  from  the  baalc  design.  The 
X404342-1  pressure  ehell  configuration  waa  used  for  the  X404362-1  ablative- 
lined  long-duration  thrust  chamber  aesembly;  the  X404342-2  pressure  ehell 
configuration  was  uaed  for  the  X'.04363-l  thrust  clumber  assembly,  and  ths 
X4043A2-21  pressure  shell  shown  In  Figure  2-3  was  used  for  the  X404361-1 
thrust  chamber  sascmbly. 

(U)  All  pressure  shells,  were  fabricated  using  rolled  and  welded  USS  T-1 
steel  sections  as  shown  in  Figure  2-4.  The  two  conical  sections,  -3  and 
-7,  and  the  three  cylindrical  sections,  -5,  -8  and  -11  were  roiled  from 
single  pieces  of  steel  plate  and  had  only  one  longitudinal  weld.  The  2:1 
elliptical  head  was  a  conaerclal  head  fabricated  from  a  single  piece  blank. 
The  X404342-14  long  weld-neck  flange  waa  a  commercial  16  Inch  300  ASA  flange. 
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Figur*  2-3.  X404342-21  Pressure  Shell (U) 


(U)  All  clrcuaferencial  velds  used  to  join  the  various  sections  vers  asds 
ualsg  automatic,  submerged-arc  welding  techniques.  Multiple  passes  vers 
used  on  all  weld  joints.  A  100  percent  X-rsy  requirement  was  imposed  on 
all  butt  welds  and  dye  penetrant  Inspection  was  used  on  all  fillet  welds. 
All  velds  were  certified  in  sccordance  with  applicable  ASME  boiler  and 
pressure  vessel  codes. 

(0)  Two  lifting  eyes  were  added  to  the  chamber  shell,  as  shown  in  TRW 
drawing  Z404342,  to  facilitate  handling. 

2.3.2  Ablative  Liner  Mo.  1 


2.3. 2.1  Deiiig^ 

(D)  The  original  design  of  the  X404361-1  ablative  liner  was  baaed  on  the 
uaa  of  KX— 2600  (Fiber ice)  silica— phenolic  material  throughout.  The  material 
thicknesses  were  based  upon  the  test  results  obtained  with  the  DC-93-104 
material  during  the  TRW  Systems  sub-scale  Haterlals  Evaluation  Program 
(Relerenc*  B) .  KX— 2600  had  not  been  tested  in  the  sub— scale  program  but 
subsequent  testing  at  the  ISOO  Ibf  level  confirmed  that  Che  design  was 
conservative. 
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(U)  The  TRW  Systc^as  Charring  and  Ablation  Couputer  Prograa  (AU0S4A) , 
eaploylng  the  erosion  model  of  Munson  and  Spindler  were  used  to  size  the 
ablative  material  thicknesses  (Appendix  C).  The  input  data  to  these  pro¬ 
grams  consisted  of  the  erosion  data,  surface  temperature,  and  effective 
heat  of  ablation  obtained  during  Che  subscale  test  program  of  the  various 
materials.  The  criterion  used  In  the  liner  sizing  was  based  on  a  4850* 
throat  recovery  temperature  and  a  maximum  backwall  temperature  of  600*F 
after  120  seconds  of  firing. 

(U)  The  required  thicknesses  are  shown  in  Figure  2-5  for  four  candidate 
liner  materials.  The  AFRPL  approved  design,  which  is  shown  in  Figure  2-6, 
consisted  of  an  MX-2600  silica-phenolic  throat  Insert,  an  KX-2600  silica- 
phenolic  exit-cone  liner  and  an  KXA-150  asbestos-phenolic  chamber-dome 
liner.  The  MXA-150  asbestos  phenolic  material  was  not  tested  in  the  TRW 
Systems  sub-scale  program  but  data  furnished  by  the  AFRPL  on  the  erosion- 
char  rate  of  the  KicA-150  (0.98  inches/60  seconds)  indicated  that  the  materi¬ 
al  waa  at  least  comparable  to  the  Haveg-Al  asbestos-phenolic  material  tested 
In  both  the  TRW  Systems  sub-scale  program  (1.00  inches/bO  seconds)  and  the 
AFRPL  material  screening  program  (1.04  inches/bO  seconds).  The  material 
thickness  of  the  MXA-ISO  was  increased  to  2.0  Inches  from  the  indicated  1.60 
Inches  for  the  Haveg-41  at  a  35.0  inch  chamber  I.D. 

(U)  Tape  wrapping  at  60*  to  centerline  was  chosen  for  fabricating  the 
throat  Insert.  This  method  and  laminate  orientation  provided  maximum 
erosion  resistance  in  an  area  where  both  heat-flux  and  shear-stress  are 
maximum.  A  rosette  lay-up  was  selected  for  the  exit  cone.  This  method 
of  fabrication  is  used  on  LMOE  exit  cones.  The  chamber-dome  section  was 
designed  as  a  parallel-to-surface  lay-up  of  .material;  a  reduction  in 
material  thickness  was  made  in  going  from  tlVe  cylit^drical  section  to  the 
dome  section. 

2. 3. 2. 2  Fabrication 

(U)  The  materials  employed  in  the  X404361-2  liner  assembly  were  MX-2600 
silica-phenolic  and  MXA-150  asbestos-phenolic  manufactured  by  the  Fiberlte 
Corporation.  The  MX-2600  used  for  the  throat  section  X404361-4  was  fur¬ 
nished  as  bias  tape  while  HX-2600  broadgoods  was  used  for  the  exit  cone. 

The  KXA-ISO  asbestos-phenolic  material  used  In  the  ctiamber-doae  section 
as  furnished  as  a  broadgoods.  Typical  properties  of  the  three  materials 
are  given  In  Table  2-2. 

(U)  The  X40436I-4  throat  section  was  tape-wrapped  on  a  net,  male  mandrel 
at  60*  Co  centerline.  Tape  width  was  chosen  to  provide  the  proper  com¬ 
ponent  thickness  when  oriented  at  Che  desired  angle  to  the  flow,  with 
allowances  for  wrapping  guidance  accuracy  and  trim,  pull-down  of  bias 
material  In  wrapping  operations  and  loss  of  material  in  debuik  during  cure. 

(U)  The  wrapping  operation  shown  In  progress  in  Figure  2-7  shows  the 
mandrel  set-up  in  a  lathe  with  a  pressure  roller  being  used  to  compress 
Che  cape  as  it  is  wrapped.  The  as  wrapped  density  is  approximately  95 
percent  of  Che  cured  part  density.  Heat-guns  were  used  to  heat  the  Cape 
and  previously  wrapped  material  during  the  wrapping  operation.  There  was 
no  tendency  for  wrinkling  of  the  inner  portions  of  the  ply  during  the 
wrapping  operation  even  though  ply  widths  as  large  aa  4  Inches  Wi,2rc  employed. 
Figure  2-8  shows  the  throat  section  near  completion  of  wrapping. 

UNCiASSIHED 


250  K  LBp  thrust  ENGINE  INTERNAL  RADIUS  -  INCHES 

Figure  2-5.  250,000  Ibf  Long-Duration  Thruat  Chamber  Ablative  Liner 

Thickness  for  Single  IZO-second  Continuous  Burn  (Gas 
Recovery  Temperature  =  iH50°F)  (U) 
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Table  2^2 

Propercles  of  Materials  Used  in  X404361-2  Liner  Assembly  (U) 


MX-2600 

MX-2600 

MXA-150 

Form 

Tape 

Broad goods 

Broad goods 

Lot  No. 

H-355 

H-387 

H-375 

Raaln 

MIL-R-9299(II) 

MIL-R-9299(II) 

MIL-R-9299 

Filler  (Silica),  Z 

7.8 

S.O 

Fabric  reinforcement,  Z  min. 

96.0 

96.0 

N/A 

Reala  solids,  Z 

31.0 

31.4 

48.5 

Volatile  Content,  Z 

7.0 

7.5 

12.5 

Specific  Gravity 

1.71 

N/A 

1.56 

*  Mot  Available 


Figure  2-7, 
(65542-69-5) 


1404361-4  Tape  vrapplna 
opcratljoa(U) 


Figure  2-8. 
(65542-69-4) 


X404361-4  Throat  aectioa 
near  completion  (U) 
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(U)  Following  conpleClon  of  wrapping  the  part  waa  prepared  for  curing. 

Nylon  shrink  tape  was  wrapped  over  the  MX-2600  bias  Cape.  A  bleeder  cloth 
and  "monkey-fur"  material  were  then  applied  to  the  part.  Finally  a  Mylar 
vacuum  bag  was  applied  Co  the  wrapped  part.  The  vacuum  bagged  part  was 
cured  in  an  autoclave  at  100  pal  and  290-310*F  for  five  hours.  The  tem¬ 
perature  in  th<;  autoclave  waa  increased  from  ambient  temperature  to  300*F 
in  approximately  4  hours.  The  cure  proceas  is  visualized  as  occurring  from 
the  Inside  of  the  siandrel  outward  through  the  layed-up  part.  The  outer 
surface  is  protected  by  the  Insulatlve  properties  of  the  bleeder  cloth, 
separation  sheets  and  mylar  vacuum  bag.  In  this  manner,  volatiles  are 
always  removed  through  uncured  material  and  into  the  bleeder  cloth,  and  a 
uniformly  cured  part  results.  Figure  2-9  shows  the  part  as  removed  from 
the  autoclave  with  part  of  Che  vacuum  bag  and  bleeder  cloth  removed. 

(U)  The  machining  of  the  cured  ablative  throat  did  nut  present  any  parti¬ 
cular  problems.  Only  the  O.D.  sur  'ace  of  Che  throat  was  machined  to  mate 
with  the  I.D.  of  Che  pressure  shell.  The  part  was  machined  to  allow  for 
a  glue  line  thickness  of  approximately  0,060  inches.  The  part  waa  machined 
on  the  mandrel  which  was  used  for  the  wrapping  operation  as  shown  in  Figure 
2-10.  The  finished  part  prior  to  assembly  into  the  X40A361-2  liner  assembly 
is  shown  in  Figure  2-11,  with  Che  forward  part  of  the  split  mandrel  in  Che 
background. 


Figure  2-5. 


X404361-4  Throat  Figure  2-10. 
Section  After  Cure 

or) 
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X404361-4  Throat  Sectiom 
After  Machining(u) 
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(U)  Prior  CO  itarc  of  layup  of 
Cha  MX-2600  broadgooda  In  the  exit 
COM  aectlon  of  the  presaure  shell 
the  inside  surface  was  saodblastad 
and  Chen  cleaned  using  mechyle- 
ChylkeCone  (MEK).  The  cleaned 
surfaces  were  Chen  priaed  using 
Monsanco  SC  1008  phenolic  resin. 

(U)  The  X404361-S  exit  cone  liner 
was  layed-up  in  a  rosecce  paccem 
using  Che  sceel  shell  as  a  feaale 
mandrel.  Trapezoidal  plies  6  in. 
vide  X  4  in.  vide  x  SO  in.  long 
were  cue  from  che  MX-2600  broad- 
goods  and  layed  in  place  in  che 
pressure  shell  as  shown  in  Figure 
2-12.  The  lead  on  Che  forward  end 
was  approxlmncely  0.110  Inches 
while  Che  lead  on  Che  afc  end  was 
approximaCely  0.190  inches.  This 
resulted  in  a  21  ply  Chlckness  aC 
Che  afc  end  (exic  plane)  and  a 
SS  ply  chicicness  aC  Che  forward 
end  (chroat  exCension  pl^ne).  The 
plies  were  held  in  place  by  vacuum 
bagging  while  che  shell  was  being 
rotaced.  Figure  2-13  shows  che 
compleced  layup  prior  co  curing. 
ApproximaCely  830  plies  were  used 
in  exit  cone  layup. 

(U)  A  separaCion  sheec,  bleeder  cloCh  and  Mylar  vacuum  bag  were  put  in 
place  over  Che  layup.  The  steel  pressure  shell  served  as  the  autoclave. 

The  ends  of  Che  pressure  shell  were  sealed-off;  a  flacplace  closure  was 
used  on  the  16  in.  flange  end  while  an  elliptical  dome  waa  used  co  close 
off  the  exit  end.  The  exic  cone  was  cured  sC  100  psia  and  290-310*F 
for  S  hours.  The  temperature  was  raised  from  ambient  to  lOO^F  In  approxi- 
siacaly  4  hours.  Heat  applied  from  the  metal  (shell)  side  reuses  volatiles 
Co  flow  from  the  shell  side  through  uncured  mnterial  and  into  the  bleeder 
cloth  and  out  through  the  vacuum  system  which  resulcs  in  a  uniformly  cured 
part.  Figure  2-14  shows  che  part  with  the  end  closure  off  after  cure  and 
removal  of  separation  sheet,  bleeder  cloth  and  vacuum  bag. 

(U)  The  pact  wea  setup  for  machining  of  the  recess  in  che  exit  cone  liner 
as  shown  in  Figures  2-15  and  2-16.  The  X404361-5  exic  cone  liner  was 
machined  to  allow  for  n  glue  line  Chlclineas  of  approximately  0.060  inches. 
Following  atachinlng  of  the  exit  cone  the  throat  was  bonded  Co  the  shell  and 
exit  cone  using  Epon  901/83  adhesive.  Figure  2-17  shows  the  throat  with 
adhesive  being  lowered  into  the  pressure  shell.  The  adhesive  was  allowed 
Co  setup  for  24  hours  prior  to  start  of  the  KXA-ISO  layup. 
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Figure  2-11.  X404361-4  Finished 

Throat  Section (U) 

(65543-69) 


Figure  2-12.  X4i04361-S  Exit 

Conti  Lay-up  (U) 

(65907-69-8) 


Figure  2-13.  X404361-S  Conpleced 

Exit  Cone  Lay-up  (u) 

(65908-69-1) 


Figure  2-14. 


(67990-69-9) 


X404361-5  Cured 
Exit  Cone  (U) 
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Flgura  2-15,  X404361-S  Inatallad  la  Praaauc*  SbalL 
Sat-Up  for  Machining  (U)  (66777-69-1) 


Figure  2-16. 
(66777-69-2) 


X604361-5  Exit  Figure  2-17. 

Cone  Being  Machined  (65563-69-10) 
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X404361-4  Throat 

Section  Being  Lowered 
Into  Chaaber (u) 
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(U)  Th«  XA04361-3  chaaber  liner  was  layed  up  ualng  "orange-peel"  aecclona 
of  NXA-lSO  aabescos-phenolic  from  the  forward  opening  (16  Inch  flange)  Co 
Che  chroac  liner.  Piles  were  layed  up  parallel  Co  centerline  in  the 
chaaber  aocclon.  The  2.0  Inch  thlckneae  required  approxlaately  55  piles. 

The  length  of  the  plies  was  increased  as  the  thickness  was  tapered  to  0.8 
inches  at  the  forward  opening.  Approxlaately  23  plies  were  used  to  achieve 
the  0.8  inch  thickness.  The  plies  were  layed  up  In  the  chaaber  section  with 
a  naxiaua  overlap  of  the  longitudinal  Joint  of  onc-half  Inch.  The  adjacent 
plies  did  not  have  any  coincident  joints.  The  layup  was  accoapHshed  In 
three  steps;  the  Initial  16  piles  were  vacuua  bagged  and  dwbulked  at  lOO 
pel  and  180*7.  The  layup  was  also  subjected  to  the  aaae  dabulklng  cycle 
after  36  piles  had  been  layed-up.  Following  layup  of  cha  last  23  plies 
the  part  was  covered  with  a  separation  sheet,  bleeder  cloth  and  Mylar 
vacuua  bag.  The  final  cure  was  affected  In  the  aaae  aanner  as  that  used 
for  the  X404361-5  exit  cone  liner.  Closures  were  used  on  both  ends  of 
Che  pressure  shell.  The  part  was  cured  for  four  hours  at  100  psi  and 
290-310*F.  Approxlaately  4  hours  were  required  to  reach  300*7. 

(U)  Shrinkage  of  the  MXA-ISO  asbestos-phenolic  material  was  expected  and 
shrinkage  of  about  0.030  Inch  on  a  aide  did  occur.  The  dome  section  of 
the  pressure  shell  was  reeMved  and  Epon  934  adhesive  was  applied  to  the 
asbestos-phenolic  part  and  Che  head  was  rebonded  to  the  X404361-5  chamber 
liner.  Shrinkage  In  the  cylindrical  chamber  section  was  not  as  uniform. 

The  void  between  liner  and  shell  was  back-filled  with  a  1:1  mixture  of 
Versamlda  llS-Epon  828  adlieslva.  Figure  2-18  shows  the  adhesive  on  Che 
dome  section  prior  to  relnstallaclon  of  the  dome  portion  of  the  pressure 
shell. 

(U)  Heasuremenca  were  taken  of  the  exit  plane  diameter,  throat  diameter, 
chamber  diameter  and  location  of  the  chroac  plane  prior  to  shipment.  The 
throat  dlaoMter  was  2b  1/8  Inches  *  1/16  Inch  while  the  exit  plane  diameter 
was  52  1/8  Inches  t  1/8  inch.  The  chaaber  diameter  was  35  Inches  ^  1/16 
inch.  The  thickness  at  the  exit  plane  varied  from  0.56  inch  to  0.62  Inch 
around  Che  circumference.  The  thickness  at  the  forward  end  was  a  nominal 
0.80  Inch  plus  0.060  Inch  bond  line  thickness. 

(U)  Material  samples  ware  taken  from  each  end  of  the  MX-2600  tliroat, 
the  aft  end  of  the  MX-2600  exit  cone  and  the  forward  end  of  the  KXA-150 
chamber  liner.  Specific  gravity  samples  of  the  throat  Indicate  s  Sp.  Gr. 
of  1.73  for  bot^  aamples.  The  Chroac  was  also  weighed  (180  *  lbs);  using 
chs  cslculatrd  volume  results  In  sn  apparent  bulk  density  of  1.74,  Samples 
from  the  aft  end  of  the  exit  cons  Indicated  a  Sp.  Cr.  of  1.66  while  the 
Sp.  Cr.  of  the  MXA-150  component  was  1.50. 

(U)  The  Joint  at  Chs  Chroat/exlC  Inccrfscs  was  ground  smooth  aa  were  the 
enda  at  both  the  forward  flange  section  and  exit  plane.  The  X404362-16 
retainer  clips  wers  relnatallsd  and  ths  number  I  long  duration  thruac 
chamber  aasembly  (X404361-1)  shown  in  Flgurea  2-19,  2-20,  and  2-21  waa 
made  ready  for  ahlpmanc. 
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(66777-69-12) 

Figure  2-21.  X404361-1  Long  Duration  Thrust  Cltaaber  Ass'y.  No.  1  (U) 

2.3.3  Ablative  Liner  No.  2 


2. 3. 3.1  Dee^gt 

(U)  Tbc  <<!<eign  of  the  X404362-1  ablative  liner  waa  baaed  on  the  uae  of 
Dow  Corning  93-104  (filled  alllcone  rubber)  naterlal  throughout.  The 
■aterlal  thlckncaeea  were  baaed  upon  teat  results  obtained  during  the  TRW 
Syatcgia  aub-acale  Naterlala  Evaluation  Frograai  (Appendix  B) . 

(U)  The  erosion  Hodel  of  Splndler  and  Hanson  and  the  TRW  Systems  Charring 
and  Ablation  Computer  Program  (AI1054A)  were  used  to  site  the  ablative 
material  thlcktissaes  (Appendix  C).  The  Input  data  to  there  programs 
consisted  of  the  erosion  data,  surface  temperature,  and  effective  heat  of 
ablation  determined  In  the  sub-scale  program.  The  criterion  used  In  the 
material  sizing  were  baaed  on  a  4SS0*F  throat  recovery  temperature  and  a 
maximum  backwall  temperature  of  6C0*F  after  120  seconds  of  firing. 

(U)  The  required  thlcknesst-a  for  ttie  X404362~l  liner  are  shown  in  Figure 
2-S.  These  thicknesses  were  achieved  by  casting  the  material  in  the  void 
created  by  the  shell  and  the  Internal  mold:!  snd  mandrels.  Cold  Joints 
were  allowed  in  the  cylindrical  cliamber  section  and  the  exit  cone  liner. 
The  throat  approach,  throat  and  aft  throat  sections  were  cuat  as  a  single 
thick  section.  Elevated  temperature  cures  were  nut  specified  for  any 
sections.  Figure  2-22  shows  the  AFRPL  approved  design. 
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2>3.3.2  Fabrication 

(II)  The  X404362-2  liner  aaseably  was  cast  from  Dov-Corning  93-104  ailicoae 
rubber  RTV  using  sheet  metal-plywood  mandrels  and  plaster  molds  to  create 
the  internal  contour.  Material  from  three  lots  were  used  to  cast  the 
entire  chamber.  Typical  properties  of  the  DC-93-104  material  are  given 
In  Table  2-3. 


Table  2-3 

Properties  of  Materials  Used  In  X404362-2  Liner  Assembly  (U) 


Lot  No. 

203237 

201319 

301314 

Amount 

1  X  65  lbs 

9  X  65  lbs 

1  X  65 

Viscoaicy,  poises 

2120 

2160 

2160 

Working  Time* 

5  hrs 

4  hrs-10  min 

4  hra- 

Sp.  Gravity 

1.47 

1.45 

1.45 

DuromcCer,  Shore 

75 

75 

75 

Tensile  Strength,  psl 

260 

242 

242 

*Tlae  for  material  to  reach  a  preliminary  elastomeric  state. 

(U)  The  X404362-2  liner  assembly  was  cast  into  the  X404342-1  pressure 
shell  assembly.  The  interior  metal  surfaces  were  sandblasted  and  degreased) 
then  rinsed  with  methylethylRetone  (H£K)  to  prepare  a  scale-free,  lint 
free  substrate.  Dow  Corning  1200  primer  was  applied  In  a  thin  film  by 
brushing  and  allowed  to  air  dry  prior  to  installation  of  the  Internal 
molds  and  mandrels. 

(U)  Caating  of  the  DC-93-104  took  place  over  s  three  day  period.  The 
throat  approach,  throat,  throat  extension  and  approximately  SO  percent 
of  Che  exit  cone  were  cast  during  an  8  hour  period;  the  balance  of  Che  exit 
coue  .obc  section  wer>.  cast  on  the  following  day.  The  cylindrical  chamber 

oect ’.ju  was  cast  approxlisaCely  one  week  later  after  receipt  of  additional 
BMterlai.  The  dose  section  was  then  bonded  to  the  chamber  section  using 
0C-93-I04  to  seal  Che  Joint  between  the  two  componenta. 

(U)  DC-93-104  la  a  two  component  all leone  material  which  is  mixed  in  the 

ratio  of  10  parts  catalyst  to  109  parts  base  material.  The  base  material 
was  not  de-alred  prior  to  mixing.  Catalyst  was  added  to  the  base  material 
and  mixed  for  approximately  S  minutes  using  a  low  speed  mechanical  mixer 
(Kol  Inc.,  H-58}.  A  sample  from  the  initial  batch  was  cured  for  2  minutes 
at  300*F  to  check  the  mix  and  cure  properties.  Tabic  2-4  shows  the  weights 
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T«bl«  2-4 

DC-93-104  batch  Mixturaa  (U) 


Patch  No.  Baaa  Waluht.  Iba  Catalyst  Weight,  Iba  Wt  Cat/ 109  Iba  Eaaa 


1 

28.25 

2.6 

10.03 

2 

20.437 

3.0 

10.72 

3 

34.50 

3.4 

10.75 

4 

29.23 

2.73 

10. la 

5 

30.75 

3.0 

10.62 

6 

28.06 

2.6 

10.10 

7 

34.123 

3.24 

10.36 

8 

28.625 

2.64 

10.05 

9 

34.30 

3.33 

10.39 

10 

23.362 

2.09 

9.65 

11 

32.00 

3.0 

10.22 

12 

32.00 

3.0 

10.22 

13 

30.12 

2.95 

10.68 

14 

26.75 

2.51 

10.22 

13 

33.25 

3.28 

10.73 

16 

26.373 

2.36 

10.39 

17 

31.437 

3.14 

10.89 

18 

30.75 

2.98 

10.36 

19 

35.50 

3.46 

11.25 

20 

33.565 

3.29 

10.69 

21 

43.00 

3.96 

10.05 

22 

2.00 

'  0.185 

10.05 

TOTALS 

658.806 

62.965 

10.420  (Avg.) 

TOTAL  WElGJtT  721.77 
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(U)  of  bass  and  eacalysc  for  each  of  che  alxtures  case  Ineo  die  liner 
asscably.  Aa  each  batch  was  alxed  It  was  drai.n  Into  a  vacuua  pot  under 
25  In.Hg  vacuim  and  desired  prior  to  Injection.  Saaples  of  each  nix 
were  taken  to  check  the  working  life  of  the  aacerlal.  Batches  I-A  were 
used  to  cast  the  throat  approach  and  throat  section;  batches  A-7  were  used 
to  cast  the  throat  extension  section  aa  shown  In  Figure  2-23.  Batcl  es 
8-11  were  used  to  cast  the  forward  exit  cone  section,  while  batches  12-15 
Mre  used  for  the  aft  exit  cone  section.  The  done  section  was  cast  using 
silx  batches  15-17.  The  cylindrical  chamber  section  was  cast  using  batches 
18-21  and  batch  22  was  used  for  che  joint  between  the  chaid)«r  and  done 
aactlon  and  for  repair  of  alnor  voids. 

(U)  The  chasber  was  Inverted  and  che  plaster  nold  of  the  throat  approach 
throat  section  positioned  50.1  Inches  froa  Che  exit  plane  and  centrally 
located  to  provide  a  2.1  *  .050  Inch  wall  thickness  at  the  throat.  All 
surfaces  of  the  plaster  molds  and  sheet  necal  nandrela  were  wrapped  with 
clear,  2~lnch  pressure  sensitive  polyethylene  cape  to  act  as  a  release 
film.  The  00-93-104  was  extruded  from  the  dealrating  pot  through  cubing 
aub-surface  Into  che  space  between  che  shell  and  plaster  mold.  Figure  2-24 
shows  the  plaster  swld  located  In  position  while  Figure  2-25  shows  the  caac 
rubber  nearly  to  the  throat  plane. 


(U)  The  plaster  mold  for  the  throat  extension  section  was  than  Installed 
being  keyed  to  Che  previous  nold  and  che  casting  was  continued  using  batches 
4-7  for  the  throat  extension.  Hie  forward  exit  cone  mandrel  was  Chen 
installed  and  batches  8-11  caac.  Difficulty  with  the  extruding  press 
and  feed  system  for  tlie  catalyxed  silicone  rubber  resulted  in  teraination 
of  the  casting  process  following  mix  11. 

(U)  The  casting  process  was  resumed  the  following  morning  and  the  balance 
of  che  cElt  cone  was  east  using  batches  12-15.  A  central  shaft  was  used 
to  Index  the  various  sheet  metal-plywood  mandrels  and  plaster  molda  as 
shown  in  Figure  2-26.  It  Is  estimated  that  440  lbs  of  suterlal  was  used 
to  caac  tha  throat  approach*  throat,  throat  extension  and  exit  cone  section. 
This  vat  approxlmaccAy  10  percent  greater  chan  the  calculated  aaxiunt. 

(U)  A  plastar  mold  was  made  for  casting  the  dome  section  and  Is  shoim  In 
Figure  2-27.  This  was  positioned  within  Che  dosM  section  as  shown  In 
figure  2-23  and  Che  rubber  material  was  Injected  through  8  injection  ports. 
The  cast  material  and  injection  porta  are  shown  In  Figure  2-28.  Batch 
mixes  15-17  ware  used  for  this  eectlon. 

(U)  The  chaeiber-throaC-exlt  cone  was  inverted  following  removal  of  the 
two  plaster  molda  and  two  sheet  Mtal-plyvood  exit  cone  mandrels  and  the 
chamber  plaster  ttold  shown  In  Figure  2-29  wee  Installed.  The  cylindrical 
portion  of  the  chamber  wsa  cast  uiln*  batches  18-21.  Following  cure  of 
the  chamber  section  the  plaster  mold  waa  reawved  and  the  chamber  don« 
section  was  fitted  to  Che  cylindrical  chamber  aectlon.  A  1/2-lnch  x  3/8 
Inch  acep  had  pravlously  been  cast  In  each  aectlon.  Thcae  two  atepa  were 
Joined  using  mstarlsl  from  batch  22  as  adhesive  between  the  acctlons,' 
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iri|ur«  2-23.  X4M362  Chubcr, 

DC-93-104  editing 
S«t-up  (U) 
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Fl||urc  2-26, 
(65907-69-6) 


X404362-1  OC-93-104 
Chaabvr  Kx  U  Con« 
Hxndrcls  and  Calling 
(U) 


Figure  2-27. 
(65907-69-4) 


X404 362-1  DC-93-104 
Chaabrr  Uuae  Srctlun 
riaitpr  Mold  (U) 
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Figure  2-28.  X404362-1  QC-93-104  Flgur.'  2-29.  X404362-1  LK;-93-104 

Cliuber  Cant  Ouae  Chambi-r  Hamlrel  (IJ) 

(65907-69-7)  Section  (U)  (65907-t,9-5) 


(U)  Ketiureaencs  were  taken  of  the  exit  plane  diaaeter,  tbro.tl  dlaaeter 
and  location  of  the  throat  plane  following  aHaembly.  The  throat  dlaaeter 
waa  26.05  Inchea  ^.050  Inch  while  the  exit  cone  dlaaeter  wax  52.12  Inchee. 
The  Chlckneaa  at  the  exit  plana  varied  from  0.5b  Inch  to  0.62  Inch  around 
the  c  Ircuafcrence  coaparad  with  the  deelgn  value  of  0.50  lU.lO  Inch.  The 
thlckiiesa  at  the  forward  end  waa  a  noalnal  0.75  inch  cuapared  to  the  dexlgn 
value  of  0.80  ^0.10  Inch.  The  nominal  ID  w.ix  37,5  incheu. 

(UJ  A  epeclflc  gravity  aeaaureaent  taken  on  a  sample  frnm  b.iicti  7  Indicated 
a  epeclflc  gravity  of  '.45  by  the  laaerelon  aeihod.  Kx.in kiuit  i>>n  of  the 
■urfacc  of  Che  exit  cone  allowed  only  very  alnule  pin  holea  where  .ilr  tuid 
been  trapped  between  the  material  and  polyethylene  releane  l.ipe.  Obvloua 
air  bubblea  were  cleaned  out  and  patched.  The  joint  heiueen  cured  ■B.itrrlal 
and  uncurcd  material  (atari  of  converging  aection)  u.is  thoroughly  ex.ialnrd. 
There  waa  no  Indication  oi  any  poor  bonding  condition. 

(U)  Figure  2-30  aliuwa  the  flnlahvd  liner  naaeahly  looking  forw.ird  friai  the 
throat  eectlon.  Tlie  m^irka  left  by  the  ptilyi'thylene  tape  .ind  »'ne  I’f  the 
Injector  porta  are  clearly  vlalble.  Figure  2-Jl  ahown  the  flnluhed  aaanably 
looking  aft  from  the  cliambcr  aide.  Tlie  d.irk  apola  are  placeH  where  viilda 
have  been  repaired.  Figure  2-32  ahowa  the  exit  cone  aiul  lhro.it  Meet  Ion 
looking  forward.  The  light  coloration  1»  wliere  ia.ileri'il  Ii.in  been  trloaxed 
from  the  caat  part  .it  the  JoinCa  of  the  aheet  metal  B.indrel)i. 
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Figure  2-30.  X404362-1  Ix;-93-l04  Figure  2-31.  X404362-1  DC-93-104 

ChMber  looking  forward  Cha«b»:r  Uioklng  aft  from 

(65908-69-b)  (U)  (6S908-69-7)  cliaaber  end.  (V) 


2.3.4  Ablative  Liner  So.  3 
2.3.4. I  Pealgn 

(U)  The  dealgn  of  tlie  X4043<i3-l  ablative  liner  waa  baaed  on  the  uae  of 
a  MX-2600  all  lea-phenol Ic  throat  insert  fabricated  In  the  aamc  manner  aa 
the  throat  Insert  used  In  the  number  1  configuration  liner  (!«ee  2. 3. 2.1). 

The  original  design  of  the  number  3  liner  was  b.ised  on  the  u»>.  of  either 
Haveg-4l  (asbestos  phenolic)  or  Gt-223-30  (ept>sy  •iiuv.tlak)  In  the  i  hamber 
and  exit  cone  In  conjunction  with  the  MX-2f)0iT  throat  Insert. 

(U)  The  AFRFl.  approved  design  conalsted  of  an  MX-2«>00  s  1 1  Ic  j-phenol  Ic 
throat  insert,  ,\  0P5-lbl  s 1 1  lea-phenol Ic  chamber  section  and  an  HXA-liO 
aabcstos-phenol Ic  ealt-cone  liner.  Neither  materl.il  had  been  tested  In 
the  TRW  Syateiw  sub-scale  program;  data  furnished  by  the  AFRFL  Indicated  that 
the  KXA-150  materl.il  was  at  least  comparable.  In  terms  of  performance,  to 
the  Kaveg-4l  .isbestos-pheno  I  Ic  material  used  In  tiie  sizing  studies.  Dierrfore, 
the  thickness  for  the  exit  cone  wae  sized  the  same  as  for  the  »Uveg-4l 
material.  The  performance  of  the  troneldcs  Resin  Co.  DP5-lbl  (formerly 
designated  DPi-lhO)  s ll  ica-pheno I ic  material  In  the  AFRPL  material  screening 
program  Indicated  an  erosion-char  rate  of  0.90  lnches/t»0  seconds  under  the 
most  severe  conditions.  Tliercforc.  the  chamber  liner  was  designed  for  2.0 
Inch  thickness  which  would  result  In  about  0.23  Inches  of  virgin  material 
at  the  end  of  the  120  second  firing  duration. 
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(U)  Ttin  fabrlcacioa  Methods  proposed  for  the  nuaber  3  chsaber  liner  were 
csps-wrspplA|  of  throat  Insert  at  60*  orientation  to  the  centerline,  auto¬ 
claving,  aachlnlng  of  the  O.D.  and  secondary  bonding  to  the  steel  shell. 

The  DPS-161  slllca-phenollc  was  cast  and  cured  In  place  at  room  teapcrature 
In  the  saae  nanner  as  Che  configuration  2  liner.  The  KXA-ISO  calc  conn 
liner  was  designed  as  conpreaslon  aolded  (1000  psl),  segpMnted  panels, 
secondarily  bonded  Into  the  praseure  shell.  Nine  panels,  each  covering 
a  40*  sector,  were  used  to  an  expansion  ratio  of  2. 25  and  twelve  panels, 
each  covering  a  30*  sector,  were  used  to  the  nossle  exit.  The  design  of 
Che  nuaber  3  ablative  liner  Is  shown  In  plgurs  2-33. 

2. 3. 4. 2  Fabrication 


(U)  The  X404363-2  liner  asseably  consisted  of  an  HX-2600  slllca-phenollc 
cape  wrapped  throat  section,  a  cast  OPS-161  slllca-phenollc  chsaber  and  done 
section,  and  an  exit  cone  fabricated  froa  coaprasslon  aolded  MXA-150  asbestos- 
phenolic  material.  The  coaponents  were  sssaeblad  Into  an  X404342-2  pressure 
shell  asseably.  The  MX-2600  throat  section  was  fabricated  by  Coapoalcs 
Technology  Inc.,  Van  Nuys,  Calif,  and  aaaeabled  Into  the  pressure  shell. 

San  Rafael  Plastics  Co.,  San  Rafael,  Calif,  cast  the  Ironsides  Resin  DP-5- 
161  directly  into  the  pressure  shell  In  two  sections;  they  also  coaprasslon 
aolded  Che  exit  cone  aegaents  and  assenbled  than  Into  the  pressure  shall. 

<U)  The  propcrtlss  of  the  aaterlals  used  In  the  Z404362-2  liner  asseably 
ere  given  In  Che  following  Table  2-3. 


Table  2-5.  Properties  of  Msterlals  Used  In  X404363-2 
Liner  Assembly  (C) 


Nscerlal 
Fora 
Lot  No. 

Resin 

Filler 

Fabric  Kf Infiinoaent 
Ri*a  In  Mnl  IdH  ,  i 
Volatile  cunceiit  ,  X 
Specific  Gravity 


DP5-161 

Two  Part  Mlxt'irc 


Slllca-Sll  lea  flour 
None 


1.40 


KX-2600 

Tape 

H-355 

M1L-R-9299(11) 
Silica  (7.BZ) 
Silica  (96. OX  a 
31.0 
7.0 
1.71 


MXA-150 

Molding  Coapound 
U-4402 

N1L-R-9299(II) 


Aabestoa 

49.0 

4.3 

1.65* 


*>6)lded  lOOO  pal 
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(U)  The  throat  aectloa  (X40436I-4}  waa  tape-wrapped  on  a  net.  Bale  aaodifel 
at  60*  to  centerline  ualng  techniques  Identical  to  thoae  described  In 
Section  2. 3. 2.1.  Pollovlng  completion  of  wrapping  the  part  waa  vacuum 
bagged  and  cured  in  an  autoclave  at  100  psl  and  290-310*?  for  five  hours. 

(D)  The  part  was  then  machined,  using  the  mandrel  on  which  it  was  wrapped, 
to  fit  the  X404342-2  preaaure  shell.  Figure  2-34  shows  the  finished  throat 
section  prior  to  assembly  into  the  shell.  Figure  2-35  shows  the  throat 
section  with  adhesive  being  lowered  into  the  shell.  The  adhesive  used  in 
bonding  the  throat  to  the  shell  was  £pon  901/B3. 


Figure  2-34. 
(63543-69-7) 


X404361-4  Throat  section  Figure  2-35. 
prlcr  to  asaenbly  (U) 

(65543-69-9) 


X404361-4  Throat  section 
being  installed  In 
pressure  shell  (u) 


(U)  The  throat  asseably,  X404363-7,  was  cured  overnight  at  room  teaperature, 
then  cured  in  an  oven  at  240*F  for  approxlaately  2  hours.  Figure  2-36 
shows  the  cured  throat  in  place  prior  to  shipment  to  San  Rafael  Plastics 
Co.  San  Rafael,  California. 

(U)  Followlug  receipt  of  the  X404363-7  partial  thrust  chaaber  assembly 
by  San  Rafael  Plsatlcs  the  interior  metal  surfaces  were  aandblosted  and 
degreased,  ttien  rinsed  with  KEK  to  prepare  a  scale-free,  lint-free  substrata. 
No  primer  was  used  in  the  chamber-dome  sections.  Samples  made  of  material 
cost  against  both  primed  and  unprimed  surfaces  showed  no  differences  in 
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(0)  AdhtBlve  quality.  Tha  aasplea  also  showad  good  adhaalva  qualitlea 
bacwaaa  cured  and  caat  DPS-161.  Tha  throat  Inaart  waa  cleaned  with  MEK 
at  the  interface  between  the  DPS-161  and  the  throat  inaart. 

(U)  DP  5-161  is  a  two-cofflponent  ablative  systea  conaisting  of  a  viacoua 
phenolic  type  resin  (DP  5~161R)  and  a  solid  hardener  (DP  S-161H).  The 
hardener  contains  silica  fiber-silica  flour  fillers  in  addition  to  the 
hardening  agent.  The  two  coaponenta  are  mixed  in  the  ratio  of  0.7  parts 
hardener  to  2.0  parte  resin.  This  results  in  a  very  viscous  mixture 
which  is  difficult  to  mix  as  shown  in  Figure  2-37.  Two  different  types 
of  mixers  were  tried.  A.  Reynolds  Electric  Mixer  (Model  114)  was  used  to 
achieve  a  smooth  consistency  shown  in  Figure  2-38.  This  mixer  operated  at 
a  higher  nixing  speed  then  the  Kol  11-58  mixer  and  heated  tha  nix  to  a 
slightly  higher  temperature  (about  90*F).  A  total  of  21  batches  of  DP5-161 
were  nixed  and  cast  on  a  single  day.  A  sample  of  batch  20  was  taken  and 
cured  for  two  weeks  at  room  temperature  to  check  cure  properties.  Table 
2-6  shows  the  weights  of  resin  and  hardener  for  each  of  the  mixtures. 


Figure  2-36.  Z404363-7  Partial  Thrust  Figure  2-37.  DF5-161  Mix  at  start 

(65543-69-12)  Chamber  Ass'y  (U)  (66841-69-2)  of  mixing  cycle  (U) 


(D)  The  mixed-rcain-fillsr  system  was  cast  in  much  the  same  manner  as 
tha  DC-93-104  silicone  rubber  used  in  the  number  2  liner  assembly.  The 
mixes  wars  not  deaerated  prior  to  casting  since  laboratory  tests  indicated 
considerable  frothing  of  both  the  mis  and  realn  undar  vacuum.  Entrappad 
air  came  out  of  the  mix  quite  rcedlly  as  the  mixture  wee  cast. 
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Table  2-6 

DP5-161  Batch  Mlxturea  (V) 


Batch  No. 

Realn  Wt..  Iba 

Hardener  Wt.,  Iba 

Wt.Realn/Wt .Hardener 

1 

14.  SO 

5.063 

2/0.70 

2 

14.88 

5.186 

2/0.696 

3 

21.06 

7.312 

2/0.696 

4 

22.06 

7-75 

2/0.705 

5 

19.13 

6.7S 

2/0.705 

6 

14.63 

5.125 

2/0.70 

7 

14.06 

5.00 

2/0.713 

8 

17.88 

6.25 

2/0.703 

9 

16.63 

5.685 

2/0.684 

10 

17.57 

6.125 

2/0.699 

11 

13.43 

4.75 

2/0.707 

12 

18.68 

6.50 

2/0.697 

13 

16.82 

5.68 

2/0.676 

14 

•23.62 

8.06 

2/0.685 

IS 

IS. 93 

5.62 

2/0.704 

16 

16.68 

5.81 

2/0.696 

17 

19.18 

6.75 

2/0.704 

18  ' 

16.03 

5.56 

2/0.694 

19 

16.94 

5.94 

2/0.701 

20 

18.68 

6.50 

2/0.696 

21 

16.82 

5.68 

2/0.676 

TOTALS 

365.21 

127.10 

2/0.696 

NOTE:  Eatlaatcd  14  Iba  of  ala  not  uaed  In  caatlng  chaad>«r  and  doae 
aactlon. 
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(U)  The  done  section  wss  cast 
first  using  batches  1-6.  A  plaster 
mold  was  used  to  form  the  Internal 
contour.  This  mold  had  only  four 
Injection  porta  for  Introducing  Che 
DP5-161  Into  che  void.  Soma  dif¬ 
ficulty  occurred  during  tha  casting; 
Che  resin  flowed  up  and  under  the 
polyethylene  Cape  used  as  a  release 
film  on  Che  plaster  mold.  This 
section  was  broken  out  when  the  mold 
was  broken  out  and  later  repaired. 
Figure  2-39  shows  Che  dome  section 
at  the  compleCion  of  Che  casting, 
and  Figure  2-4C  shows  the  dome 
section  after  removal  of  che  plaster 
mold  and  prior  to  assembly  with  che 
chamber  section. 


Figure  2-38.  DPS-161  Mix  prior  to 

(66841-69-3)  caatlng  (U) 


Figure  2-39. 
(66841-69-1) 


X404363— 1  Dome  section  Figure  2—40. 


at  completion  of 
casting  (U) 


(67989-69-6) 
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Z404363  Dome  section 
prior  to  assembly  (U) 
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(U)  The  chanber  sectloa  was  caat  using  a  sheet  metal-plywood  mandrel 
to  form  Che  Internal  contour.  The  mandrel  was  secured  in  place  using  Che 
X404361-4  chroac  secclon,  which  had  been  installed  previously,  as  an  anchor 
for  Che  cylindrical  secclon  OaCches  7-21  were  used  Co  case  Che  two-inch 
chicle  secclon.  Figure  2-41  shows  Che  ca.^t  DP5-161  near  Che  Cop  of  Che 
flange;  Figure  2-42  shows  Che  completion  of  casting  of  the  step-joint  in 
Che  cylindrical  section.  The  cast  macerlal  was  allowed  to  cure  for  approxi¬ 
mately  10  days  at  room  cemperatura  prior  Co  removal  of  Che  mold  and  mandrel. 
Figure  2-43  shows  Che  chamber  (DPS-161)/chroac  (MX-2600)  incerfuca  after 
removal  of  the  casting  mandrel. 


Figure  2-41. 
(66841-69-6) 


X404363-1  2  inch  thick 
cylindrical  chamber 
section.  (U) 


Flguca  2-42. 
(66841-69-8) 


X404363-1  Completion 
of  casting  chamber 
secclon  (U) 


Figure  2-43.  DP5-161/MX-2600  Interface  looking  aft.  (U) 
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(U)  The  exit  cone  vaa  fabricated  froa  MXA-150  nolded  aegoanta,  aecondarfly 
oondad  Into  the  prasaura  ahall  ualng  GLOM-O-N  IIT  high  terperatuce  adhealva. 
The  Coevard  exit  cone  aegaenCa  covered  a  40  degree  aegment  while  the  aft 
exit  cone  aegsenta  covered  a  30  degree  segment.  The  aegmenta  were  molded 
In  aatehed  cast-iron  dlea  ualug  a  200  ton  presa.  Figure  2-44  shows  the 
two  punches  (forward  and  aft  segnents)  prior  to  clean-up..  The  molding 
cavity  was  put  in  place  on  a  stean-heated  platen  on  the  base  of  the  press, 
while  the  punch  was  attached  to  a  stoaa  heated  platen  on  the  ram.  Teai- 
peratura  of  the  casting  awlda  ware  held  at  325*F.  The  KXA-150  was  pre¬ 
heated  to  190*7  prior  to  charging  Into  the  cavity.  Figure  2-45  shows  the 


Figure  2-44.  MXA-150  SegaMnt  Punches  Figure  2-45.  Molded  MXA-liO  Fvd 
(66841-69-4)  (U)  (67989-69-10)  segment  cavity  (U) 


(U)  Both  Che  forward  and  aft  exit  cone  eegnents  ware  molded  overslse  and 
required  trimming.  Figures  2-46  and  2-47  show  a  molded  forward  exit  cone 
segment  sec  up  for  trimming.  The  trim  lines  are  clearly  visible  In  the 
photograph.  The  nine  40*  forward  cons,  segments  and  twelve  30*  aft  cone 
segmenca  vers  dry  fitted  in  the  pressure  shell  and  final  trimming  made 
on  the  key  pieces.  The  weights  of  the  various  segments  ace  given  In 
Table  2-7. 

(U)  A  3/4  Inch  wide  by  1/16  Inch  deep  recess  was  routed  Into  the  backside 
ot  each  segment  and  1  1/2  Inch  wide  silica  phenolic  doubler  strip  was 
attached  to  each  longitudinal  Joint  with  adhesive. 
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rigur«  2-46. 
(679B9-69-7) 


Bough  aolded  MXA-150 
fwd  acgnunt  t«t-up  for 
crloning  (U) 


rigur*  2-47.  MSldMI  K»l-190  tW 

■ugMUt  (rough)  act-up 
(67989-69-B)  for  cr laming  (U) 


T*bl«  2-7 

VaighCa  of  Koldad  lUA-lSO  S«9ienta*(U) 


Panel  Mo. 

Forward  Cone 
(40*) 

Panel  No. 

Aft.  Cone 

(30*)  - 

I 

22.19 

1 

17.50 

2 

22.19 

2 

16.87 

3 

22. 3B 

3 

17.00 

4 

22.19 

4 

17.06 

3 

22.38 

5 

16.63 

6 

21.82 

6 

16.63 

7 

21.44 

7 

16.82 

8,  . 

22.13 

8 

16.69 

21.94 

9 

16.82 

10 

16.75 

16.69 

qCI) 

16.13 

Total 

198.66 

Total 

201.54  - 

^Included  Wfilghc  of  silica  doubler  scrips 
(1)  Key  panel 


A00.20  lbs 
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(U)  Prior  to  Che  iitart  at  InatalleClon  of  the  eegmcnce  Che  ateiAl  abell 
wee  aendblaaCed  and  wiped  clean  with  MEK.  CI.ON-ON  K.T  adhcaive  mixed  io 
Che  ratio  of  40  pacCa  of  A  Co  IQO  parCa  of  B  vaa  applied  Co  the  praaaura 
ahell  and  backalde  of  each  panel  plua  Che  longlcudlnal  joint.  The  panela 
ware  put  In  place  atarClng  with  Che  nuaber  one  panel  (two  doubler  atrlpa^ 
and  flnlahlng  with  the  key  panel  (0)  which  had  no  doubler  panel  etripa. 
Panela  were  alld  forward  until  they  butted  agalnat  the  thro.it  Bcwiloa 
(Z404361-4)  until  cUo  neaaured  gap  betvian  throat  Iraert  and  forvam 
panala  becaaa  eaaantlally  zero.  Figure  2-49  ahowa  all  forward  panel a  In 
place  and  bottomd  out  on  the  throat  luaarc.  A  plywood  ring  vha:h  fit 
agalnat  the  Individual  panela  waa  uaed  to  hold  Che  panala  In  the  proper 
position  until  the  adhaalve  had  aet. 

(U)  The  aft  exit  cone  sagBMnta  were  '*natalled  In  a  aleilar  wanner.  The 
panels  ware  put  In  place  with  an  approxlstfCe  0.100  Inch  wedge  holding  the 
panel  froe  the  forward  aegaenca.  Figure  2-49  ahowa  the  key  aft  panel 
bilng  Installed  In  the  exit  cone.  After  the  key  panel  waa  Inatallad  all 
wedges  were  pulled  .ind  the  12  segiaencs  were  allowed  to  bottom  out  on  Che 
forward  panels.  The  panela  were  held  In  place  with  a  plywood  bonding 
fixture  and  C— clasips.  Approximately  3S  pounds  of  adhesive  were  used  In 
f he  secondary  bonding  operation  resulting  In  an  exit  cone  weight  of  ap¬ 
proximately  435  pounds. 


figure  2-48.  9  forward  panala  in 

(70053-70-4)  placa  (U) 


figure  2-49. 
(70053-70-6) 


Kay  aft  panal  baing 
Installed  In  the  exit 
cone  (U) 


(0)  flnieblng  oparstion*i  consisted  of  cutting  Che  aft  segmanta  to  length 
and  Inatalllng  Che  retainer  clips.  All  longitudinal  Ijiai..?  and  clrcuat- 
farenClal  Intarfacaa  were  ground  emooth.  Flguree  2-30  2-51  show  the 


sere  ground  emooth.  Flguree 
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(70054-70-4) 

rigura  2-50.  X404383-1  OuMbar  prior  to  ELlpwuat  to  tha  Ann.  (U) 


(70054-70-5) 


Plgura  2-51.  X404363-1  Cbaabar  prior  to  ahlpsant  to  tha  AFRPL  (U) 

UNCLASSIFIED 
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(U)  finished  pert  prior  Co  ■hlpoMnc  to  Che  AFRPL. 

(U)  Memeureaante  were  tehen  of  the  exit  plane  dieaeter,  throat  dloaeter, 
cboeber  dlaioeter  and  location  of  the  throat  plane  prior  to  ahipaent.  The 
throat  dloaeter  vaa  26  1/8  Inches,  ^  1/16  Inch,  while  Che  exit  plane 
dloMter  VOS  52  1/8  Inches,  1  1/8  inch.  Tbs  choaber  dleneter  wee  35  Inches. 

(U)  MaCerlel  looiplea  were  taken  from  each  end  of  the  HX-2600  throat. 

Specific  gravity  saeplca  of  the  throat  indicate  a  Sp.  Gr.  of  1.71  for  both 
osoqiiles.  The  throat  was  also  weighed  (183.5  lbs);  using  the  calculeted 
voluee  reaulCa  in  an  apparent  bulk  density  of  1.735.  The  specif Ication 
reiiuicegMnt  for  the  throat  Sp.  Gr.  was  1.65  (min). 

(n)  The  Sp.  Cr.  of  Che  HXi— ISO  panels  was  1.54  coapared  to  a  specification 
requireaent  of  1.60  (aln).  A  sauill  saaple  piece  molded  sc  1000  psi  bed 
s  Sp.  Gr.  of  1.65.  The  cause  of  the  difference  Is  unknown. 

(0)  The  Sp.  Gr.  of  the  OPS-161  cast  aacsrlsl  was  1.38.  The  aacarial  supplier 
hod  suggested  a  noalnsl  Sp.  Gr.  value  of  1.40. 

(U)  Kxsalnstion  of  the  configuration  3  liner  assembly  st  APSFL  shoved  con¬ 
siderable  shrinkage  of  the  PF5-161  material  from  the  time  the  aacerlsl  was 
coat.  This  shrinkage  manifested  Itself  In  two  ways;  the  bond  between  Che 
dome  and  cast  material  was  broken  and  cracking  of  the  liner  was  experl  need. 
Prior  to  the  teat  firing  Che  repair  of  the  chamber  dome  liner  was  aCCaaq>Csd. 
The  repair  consisted  of  the  back-filling  of  the  void  between  Insulation  end 
shell  with  s  SOtSO  mixture  of  Bpon  B28~Verssaid  115  adhesive  using  s  SEMOO 
head  applicator  to  Inject  the  adhesive  mixture  Into  the  void.  This  repair 
wee  only  partially  successful  as  noted  in  Section  3. 3. 3. 3. 
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SECTION  3 
TEST  RESULTS 

3.1  GENERAL 

(U)  Th«  remits  of  the  Tesk  II  test  effort  are  suasatlzed  In  this  section. 
Detailed  dlacuaalons  of  each  checkout  test  series  and  each  long  duration 
teat  firing  are  given  in  the  following  sections.  In  addition,  the  e»— sry 
of  the  performance  of  the  S/K  001  and  S/N  002  demonstration  Injectors  which 
were  checked  out  In  Task  I  are  included  for  completeness.  The  hardware 
used  in  Task  II  Is  tabulated  in  Section  3.2,  The  test  results  presented 
herein  were  derived  from  computer  printout  data  furnished  TRW  Systems  by 
the  AFRPL.  Datalled  data  reduction  procedures  used  at  arriving  at  Che 
Cast  results  are  given  In  Appendix  E. 

3.2  TEST  HARDWARE 


(0)  The  Cast  hardware.  Including  injector  configurations,  used  in  the 
Task  II  teat  program  is  tabulated  as  Table  3-1.  The  Initial  four  test 
firings  (103-106)  employed  Che  Z4040S6-1  (S/N  003)  demonstration  injector 
and  the  Oev-IA  heat-sink  combustion  chamber.  The  S/N  001  and  S/N  002 
demonstration  injectors  had  bean  checked  out  pravioualy  in  Task  I  (see 
Volume  1).  The  first  ablative  liner  firing  (107)  mtployed  Che  S/N  003 
demonstration  injector  and  Che  number  I  ablative  thrust  chamber  assembly. 

(U)  Following  teat  firing  107  the  development  injector  with  the  06/F2 
orifice  configuration  was  checked  out  with  the  heat-eink  combustion  chamber 
to  determine  if  acceptable  performance  could  be  achieved  in  a  finer  pettem 
injector.  This  configuration  failed  to  produce  vatlsfeetory  performance 
and  Che  X4040S6-1  (S/N  001)  demonstraclon  Injector  was  used  with  the 
number  3  ablative  thrust  chamber  essambly  for  firing  111* 


(U)  The  XAOA056-1  (S/N  002)  demonstration  injector  was  used  with  Che  number 
2  ablative  thrust  chamber  assembly  for  the  third  long  duration  firing  (117). 
The  demons  tr  at  ion  Injectors  weigh  spproxlsuicely  1500  pounds.  The  ablative 
thrust  chamber  pressure  vessels  weigh  approximately  2850  pounds  and  the 
ablative  liners  weigh  from  680  to  1130  pounds.  The  number  2  ablative  liner 
la  Che  lightest  weight  design. 


3.3  TEST  RESULTS 

3.3.1  Checkout  Firings  -  S/N  003  Demonstration  Inlector 

3. 3.1.1  Performance  Data 

(U)  The  only  denonscraclon  injector  which  was  not  teat  fired  during  the 
Task  Z  teat  program  was  the  S/N  CG3  injector.  This  Isjsctcr  was  si 
identical  Co  the  S/N  001  and  S/N  002  Injaccora.  Thla  injector  wee  used  Co 
celibrete  Che  eyaCem  following  fncillty  modiflentlon  and  wan  fired  four 
timss  (103-106)  prior  Co  Installetlon  of  the  first  eblatlva  chamber. 


••4  .1  1«m 

- - ,jr 


(U)  Figure  3-1  ahowa  tha  maaaurad  ChruaC  aa  a  function  of  tha  noasla 
stagnation  prasaura  (Po).  Po  is  computed  from  the  avarags  of  PC-l/PC-2 
(Figure  E-2  of  Appendix  E  shown  tha  location  of  the  Inatrumantatlon  ports) 
corractad  to  ct.roat  stagnation  prasaurs  for  an  -  2.25  and  s  y  ■  1.23S. 
Tha  data  for  tha  checkout  firings  of  tha  S/N  001  and  S/N  002  damonacrnClom 
injectors  is  shown  for  compsrstivs  purposes.  Substantial  ngreensne  is 
shown  bstwssn  cho  S/N  001  injacter  checkout  data  and  tha  data  from  firinga 
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(U)  Tabla  3-1.  Tast  Bardwara  Conflguratlone  (0) 


»~^Taat  Ftrlnaal 
Bardwara— 

103-106 

107 

lOS-110 

111 

117 

Inlactor  Aaaaably 

Z403829-2Q 

ZA(M0S6-1  (S/M  1) 
X4M056-1  (S/M  2) 

X4(M056-1  (S/M  3) 

X 

X 

X 

X 

X 

Plntla  TiD  Aaaaablr 

Z«0A4(M-<» 

MM280-1 

z 

X 

X 

X 

X 

Oaldlaar  Orlflca  Rlnc 

X404108-1 

X 

X404693-I 

X 

X 

X 

X 

rual  Or  if  lea  Rina 

X403832-1 

X 

ThruaC  Chaabar  Aaa'r 

■ 

X403646-L1 

z 

X 

Z404361-1 

X 

X404362~l 

X 

X404363-1 

X 
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(U)  103-106  while  the  dete  frcm  firings  98-100  with  the  S/N  002  injector 

show  a  loaa  in  the  thrust  coefficient  of  about  4  to  5  percent. 

(1)1  The  computed  specific  impulse  efficiency,  ,  for  the  S/N  003 
injector  is  shown  in  Figure  3-2  as  a  function  of^tRe  operating  mixture 
ratio.  The  data  is  well  ordered  except  for  the  data  of  firing  103  which 
waa  of  short  duration  and  was  terminated  prematurely.  The  data  from  the 
S/N  001  Injector  checkout  firings  la  shown  for  comparative  purposes. 

(U)  The  computed  combustion  efficiency,  for  the  S/M  003  injactor  is 

shown  in  Figure  3-3  as  a  function  of  the  operating  mixture  ratio.  The 
throat  stagnation  pressure  is  computed  from  the  avsrags  of  PC-l/PC-2  as 
described  in  Appendix  E,  Section  2.  Again,  with  the  exception  of  test 
firing  103,  the  data  arc  wall  ordered.  The  data  for  the  S/N  001  and 
S/M  002  Injector  checkout  firings  are  shown  for  comparatlva  purposes.  The 
agreement  between  the  S/M  001  and  S/N  003  injectors  la  very  good  while 
the  combustion  efficiency  of  the  S/N  002  Injector  is  about  1  percent 
greater  than  either  the  S/N  001  or  S/N  003  injectors. 

3. 3. 1.2  Inlector  Characteristics 

(0)  The  fuel  injactor  conductance,  KXJCF,  for  teat  firings  103-106  is 
shown  in  Figure  3-4  as  a  function  of  the  volumetric  flow  rate.  The  fuel 
orifice  discharge  coefficient  computed  from  the  average  conductance  Is 
0.9SS  which  is  in  essential  agreement  with  the  value  measured  with  the 
S/H  002  injsctor  during  water-flow.  The  indicated  conductance  for  the 
S/N  001  and  S/N  002  injectors  during  the  checkout  firings  la  shown 
for  comparative  purposes,  ftoth  these  injectors  have  indicated  discharge 
coefficients  greater  than  1.0.  The  internal  manifold  losses  [(FIF-2)  - 
(FXr-1)]  allow  good  agreement  with  those  measured  duri'  g  the  S/N  001 
injector  checkout  firings. 

(U)  The  oxidixer  injector  conductence,  KIJCO,  for  test  firings  103-106 
la  shown  in  Figure  3-5  es  e  function  of  the  volumetric  flow  rstc.  The 
oxidixer  orifice  discharge  coefficient  computed  from  the  everage  con- 
ductanca  la  0.652  which  la  approxlsuitely  5  percent  lower  than  the  average 
conductance  measured  with  the  S/N  001  end  S/M  002  demonstration  injectors. 
The  differences  in  conductances  between  the  injectors  is  attributed  to 
errors  in  the  mesaurement  of  Injection  pressures  (or  chambsr  prssRurcs) 
and  propallant  flow  ratss.  Errors  in  propellent  deneitiea  do  not  result 
in  significant  changes  la  the  conductenesa. 


(C)  Tha  specif ic  impulse  efficiency  for  the  X404056-1  (S/H  003)  demon- 
etretlon  injector  Is  shown  in  Figure  3-6  es  e  function  of  (AFp^*^(li)^‘^> 
which  le  the  pcrtomence  correlating  parameter  used  in  Task  I.  The 
epperent  peek  performance  occurs  at  a  nominal  value  of  l.BO  although 
ininifflclent  data  was  taken  to  define  the  exact  peek. 


3.3.2  LOBK  PurmtiQB  Firing  Wo.  1  -  X405090-1  Enaine  AseesiblT 


(0)  The  XA05090-1  250,000  Ibf  thrust  (vacuum  engine  essembly  was  fired  on 
December  1969  for  66  seconda.  Tha  engine  asaesdily  coneiatad  of  an  initial 
combuation  chamber  length  to  diameter  ratio  of  1.54,  a  contraction  ratio  of 
1.8  end  cherecterietlc  length  of  89  inches.  The  thruat  chamber  liner 


consleted  of  KXA-150  (aabeetos-phenolic)  in  tha  chaad>er-dome  section,  MX-2600 


(aillca-phenolic)  tape-wrapped  throat  Insert,  end  MX-2600  (allice-phenollc) 
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Mlxtur«  Ratio 

({;)  Figure  3-2.  Specific  Lapulae  Efficiency,  Taac  Firinga  103-106 (U) 


2.0  2.2  2.4  2.6  2.8  3.0 

Mixture  Ratio 

(C)  Figure  3-3.  Co^uation  Efflclancy,  S/N  003  Injector  (U) 


CONRDBUTIAL 


\  • 


11199-6007-»8-00 
Fag*  3-6 


am| 
iHObai 

^iSiiHismnHSSSE 

lUotiuss&saaisusKiasxaumaBiizais 

if^f<  git*  gw  **********  **^*****^ 

SEjSS!HSS^S<>^!^^^^*R»i«i^^S5tsnRC^iSS| 

"iguaa!ii5gi5iagiBa!ia;a:;;;iats^3aaiL~3Sg;anngqs9Sgw»?ni 

inn:aa:^»ct3P,:ts»^c=2s 
£a::::::a»a  siaiM  j  uatasiaasKts 

!si:a!Hi£5gii55iSS?:E5S5g3t;;a;a=:Bg^^8g^| 

g;-8M-»«;«M^w~-~r-«ia-«TO»r!^«ag;a=aa:Fr^EgP»w>gw| 


Fu*l  Volumcrlc  Flow  Rate,  ft  /sec 
F3.gure  3-4.  Fuel  Injector  Conductance,  S/N  003  Injector  (U) 
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Oxidizer- Voluaetrlc  Flow  Rate,  ft^/sec 
Figure  3-5.  Oxidizer  Injector  Conductance,  S/M  003  Injector (U) 
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(C)  flgura  ^-6«  Sp«eiCle  ZapulM  lfflcl«iuqr»  S/1H)03  XiiJ«etor  (U) 


(U)  l«7«d>up  la  a  rocatt*  patccni  ia  cb*  uit  c'  Toa  flrlas  (107)  vaa 

achadulad  £ov  120  aaeoads  but  waa  tanlaacad  pi£-  '7  by  a  bora  through 

of  Cba  praaaura  ahall  bablad  tba  throat  Inaart.  TL^  bun  throu^  vaa  ba- 
llaval  dua  to  aacaaalTa  aroaiou  of  tba  MZA-UO  aabaatoa^pbaaollc  aatarlal 
In  oaa  quadrant  of  tha  cbaabar  with  aubaaquaat  ajactlon  of  tha  roaainlng 
MXA-ISO  aatarlal  and  a  nuabar  of  KZ~2600  alllca-pbaaolle  laalnationa  of  tba 
throat  Inaart.  Thla  allowad  tha  bond  lina  to  ba  azpoaad  to  hot  coabuatlon 
gaaaa  ufalcb  aubaaquantly  alloaad  hot  gaaaa  bablnd  tha  throat.  Tha  praaaura 
dlffarantial  acroaa  tba  Inaart  (froa  O.fi.  to  l.D.)  crackad  tha  Inaart, 
allowing  gaa  flow,  and  raaultlug  in  a  bun  tbrou]^.  Tba  taat  la  dlacuaaad 
fuxtbar  In  tha  following  aactlona. 

3. 3.2.1  farforuanca  Data 

<u)  tna  initial  250,000  Ibf  thruat  (wacauB)  angina  aaaaably  taatad  In  Taak 
II  coaalatad  of  tha  U04056-1  (S/IK>C3)  damutratlon  Injacter  and  tha 
X4043dl>l  thruat  chaabar  aaaaably.  Cbackout  flrlnga  of  tba  8/V-003  injaotor 
warn  aada  juat  pr.'or  to  tba  firing  (107)  and  tha  raaulta  ara  giran  in  Sactlon 
3.3.1. 


CONHOBUTIAL 


CONnDENTIAL 


lH99-«007-a«-00 
PAg«  3  -9 


(U)  Ths  tibruse-throat  atagnaclon  preaaurr  relaclonahlp  calculacad  for  tha 
initial  l.S  aaconda  of  tba  firing  la  caaanclally  in  agraeawoC  with  tha  data 
obtained  during  the  checkout  flringa  (sea  Figure  3-1).  This  would  be  ex¬ 
pected  since  erosion  la  not  expected  until  a  ataady-statc  ablation  procatss 
baa  bean  satabliahed.  This  process  has  been  aatlaated  to  taka  about  5 
seconds.  Tbs  coaputad  specific  lapulse  efficiency,  >  tor  fixing  107 

Is  shown  la  Figure  3-7  as  a  function  of  alxture  ratio,  ^’xt  coaparable 
nlxtura  ratios  the  perforaance  is  about  one  percent  greater  than  aeanursd 
in  the  cold  wall  (heat-sink)  coabuation  chaaber.  This  la  due  to  an  Increasa 
of  1.0  percent  in  coabuation  efficiency  since  the  noxzla  efficiency  rcaslned 
essentially  tha  saaa  as  aeaaured  in  test  firings  103-106. 

(U)  The  initial  throat  diaaetar  was  26.2  Inches  which  increased  to  approxi- 
aataly  27.0  inches  at  the  end  of  -ha  fixing.  Tha  chaaber  I.D.  was  35.0 
Inches  at  tha  start  of  tha  firing  and  was  esttaatsd  to  be  38.5  inches  post¬ 
test,  Thsse  values  ware  used  to  deteralne  the  contraction  ratio  as  a 
function  of  tlae  which  in  turn  was  used  to  correct  tha  head-end  presauce 
to  throat  stagnation  pcaasura.  The  throat  stafnation  pressure  and  ueasurad 
thrust  ara  shown  in  Figure  3-8  as  a  function  of  tiu.  These  values  were 
differentiated  as  discussed  in  Appendix  E,  Section  5  to  arrive  at  the 
erosion  rate  (dr/dt)  as  a  function  of  tlsM  tdiich  is  shown  in  Figure  3-9. 

The  erosion  rata  of  the  HZ-2600  throat  insert  is  sonewhat  lower  than  pre¬ 
dicted  froa  the  sub-scale  test  results  (see  Appendix  B). 

3. 3. 2. 2  Injector  Characteristics 

(U)  The  fuel  injector  conduetacca,  KIJUF,  for  teat  firing  107  la  shown 
in  Figure  3-4  ss  a  function  of  the  voluastrlc  flow  rata.  The  data  for  tba 
cbackout  firings  is  shown  for  eoaparatlve  purposes. 

(U)  Tha  oxldixer  injector  conductance,  KZJCO,  for  test  firing  107  is 
shown  in  Figure  3-5  as  a  function  of  the  voluxetric  flow  rats.  Ths  data 
for  the  checkout  firings  is  shown  for  eoaparatlve  purposes. 

3. 3. 2. 3  Ablative  Materiel  Perforaance 

( c)  The  average  erosion  rate  of  the  HZ— 2600  silica-phenolic  throat  insert 
(tape-wrapped  at  60*  to  (£  was  6.0  ails/second.  This  is  slightly  lower 
than  the  predicted  value  of  7.3  alls/second  which  was  obtained  in  the  sub¬ 
scale  test  progrsa  (see  Appendix  B) .  The  throat  erosion  was  nearly  coa- 
pletely  syanetrlcal  with  one  cool  streak  of  approxlaately  1.0  inches  width 
located  at  270*  froa  the  fuel  inlet  (clockwise).  Although  the  insert  was 
cracked  and  portions  were  ejected  it  is  believed  that  these  erecke  and  loss 
of  aaterial  vers  the  result  of  the  failure  of  the  aatcrlel  upstreaa  of  the 
throat  insert . 

(C)  The  erosion  rata  of  the  MZ-2600  sillca-phenoi Lc  exit  cone  liner 
(rosette  lay-up)  wau  allghtly  higher  then  predicted  ('vf  alla/aec)  due  to 
localized  heating.  The  36  streak  pattern  created  by  the  injector  and 
observed  in  the  chaaber  section  was  observed  in  the  exit  cone.  Tha 
observed  erosion  rate  in  these  streek  ereae  wee  3-A  alls/second.  Soae 
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(C)  dcluiliiacloa  of  the  exit  cone  piles  occurred  uesr  the  exit  plsne. 

This  separstlon  Is  typical  of  rosette  lay-ups. 

(C)  The  erosion  rate  of  the  MXA-ISO  (parallel-to-surfac.e  layup)  in  the 
chaober  at  a  point  24  inches  upstreaa  of  the  throat  averaged  17.5  alls/ 
second  (8.0  to  28.3  mils/second).  The  greatest  erosion  occurred  at  150* 
(clockwise)  from  the  fuel  inlet  which  corresponds  to  the  section  where  a 
portion  of  the  liner  was  ejected  during  the  firing.  At  a  point  12  inches 
upstrean  of  the  throat  (start  of  convergent  section)  the  average  erosion 
rate  was  10.8  ails/second  (5.5  to  15.6  alls/second)  with  the  greatest 
erosion  again  being  ct  150*  from  the  fuel  inlet.  The  circumferential 
variation  in  erosion  race  is  probably  due  to  a  combination  of  mixture  ratio 
variation  caused  by  the  manifold  sialdiscrlbucloni  and  material  nonunlformity 
due  to  Che  method  of  fabrication  (molded  insltu  at  100  psl).  Examination 
of  Che  test  hardware  posc-cesc  indicated  Chat  the  portion  of  the  chamber 
liner  (80*  to  150*  clockwise  from  Che  fuel  Inlet)  which  was  Jected  during 
the  firing  probably  delaminated  Che  upstreaa  portion  of  the  throat  insert. 

This  exposed  Che  bond  line  to  hoc  combustion  gases  which  eventually  led  to 
gas  flow  behind  the  insert  and  burn  through  of  the  pressure  shell. 

3.3.3  Long  Duration  Firing  No.  2  -  X40S090-3  Engine  Assenblv 

(U)  The  X40S090-3  250,000  Ibf  thrust  (vacuum)  engine  asaeobly  was  fired  on 
12  December  1969  for  83  seconds.  The  engine  had  an  Initial  combustion  chsmbar 
configuration  identical  to  Che  first  long  duration  firing.  (L*  ■  89  Inches, 
L/D  ■  1.54  and  C(.  ■  1.80.)  The  firing  (111)  was  scheduled  for  120  seconds 
but  was  terminated  prematurely  by  a  burn  through  of  the  pressure  shell  In  Che 
exit  cone.  This  burn  througli  was  believed  due  to  excessive  erosion  of  one  of 
Che  forward,  molded  MXA-ISO  panels  ('150*  clockwise  from  Che  fuel  inlet)  which 
resulted  in  ejection  of  the  aft,  molded  panel  just  downstream.  Ejection  of 
Che  first  aft  segment  led  to  Che  subsequent  ejection  of  four  (4)  addlclonal 
segments  during  ^he  firing  and  the  remaining  seven  (7;  segments  were  ejected 
during  the  shucdomi  sequence.  The  loss  of  Insulation  in  the  one  40*  sector 
resulted  In  two  local  bum  chrougbs  of  the  pressure  shell.  The  test  firing 
is  discussed  In  further  detail  in  the  following  sections. 

3. 3. 3.1  Performance  Data 


(U)  The  second  250,000  Ibf  thrust  (vacuum)  engine  assembly  tested  In  Task  II 
consisted  of  the  X404056-1  (S/N  001)  demonstration  injector  and  the  X404363-1 
thrust  chamber  assembly.  The  checkout  firings  of  this  injector  were  made 
during  Task  I  and  are  reported  in  Reference  1.  This  Injector  was  also 
used  in  the  durability  firing  (number  78)  with  the  low-cost  insulated  heat¬ 
sink  combustion  chamber.  Prior  to  test  firing  111  the  char  layer  on  the 
pintle  tip  was  removed  by  grinding  and  Che  pintle  tip  was  refurbished  using 
V-61  rubber.  The  thrust  chamber  liner  consisted  of  DP5-151  (silica-phenolic) 


ulor 
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insert,  and  MXA-150  (asbestos-phenolic)  molded  segments  In  Che  exit  coue. 


(D)  The  measured  Chrust-ChrosC  stagnation  pressure  relationship  shown 
In  Figure  3-1  for  firing  111  indicates  a  thrust  coefficient  approximately 
1.5  percent  greater  than  chat  measured  during  the  checkout  firings.  This 
data  is  for  Che  initial  5  second  period;  (as  noted)  in  Section  3. 3. 2.1 
no  erosion  of  the  throat  was  expected  until  a  steady-atate,  ablation  proceas 
la  establiahed.  The  computed  specific  impulse  efficiency,  •  for  firing 
111  is  shown  in  Figure  3-10  ss  s  function  of  mixture  ratio.  aE  comparable 
mixture  ratios  the  performance  is  e  of  two  percent  greater  than 

measured  In  the  cold  wall  (heat-sink)  combustion  chamber  during  firings 
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Hliwture  Ratio 

(C)  Figure  3-10.  Specific  Impulse  Efflcleacy,  Firing  111  (D) 


(U)  72-75<  This  is  due  to  an  increase  of  approximately  one  percent  in 

combustion  efficiency  and  approximately  one  percent  in  the  sp;arent  nozcle 
effcciency  over  Chat  measured  In  test  firings  72-75. 

(U)  The  measured  thrust  and  nozzle  stagnation  pressure  are  shown  in  Figure 
3-11  as  a  function  of  the  firing  time.  These  plots  indicate  a  uniform  erosion 
with  tisia.  No  by-passing  of  Che  throat  Insert  occurred  as  in  test  firing  107 
and  in  fact  no  rapid  pressure  decay  was  observed  until  propellant  valves  were 
closed  upon  visual  observation  of  the  bum  through. 

(U)  The  Initial  throat  diameter  was  26.168  inches..  Post-test  Inspection  of 
the  throat  showed  some  nonunlforsdty  as  indicated  in  Figure  3-12.  The 
average  diameter  post-test  is  approximately  26.4  inches.  The  chamber  inter¬ 
nal  disaster  at  the  start  of  the  flrins  was  35.0  inches.  Post-teat  ths  dia¬ 
meter  wea  eatlmatcd  to  be  36.0  Inches.  Thaae  valuas  were  used  to  determine 
the  contraction  ratio  as  s  function  of  time  which  in  turn  wss  used  to  correct 
the  bead-end  pressure  to  throat  stagnation  pressure.  The  throat  stignatlon 
prsaaure  and  thrust  values  shown  in  Figure  3-11  as  a  function  of  time  were 
differentiated  as  discussed  In  Appendix  Z.  Section  5  to  arrive  at  the  erosloo 
rate  (dr/dt)  which  is  shown  In  Figure  3-13.  The  erosion  rate  of  the  MX-2600 
throat  insert  la  considerably  lower  chan  predicted  from  the  subacale  results 
and  is  also  leas  chan  measured  on  test  firing  107. 
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3.3«3.2  Inlector  Characterlatlcs 

(U)  The  fuel  Injector  cooductence,  K1JCF»  for  teat  firing  111  i*  stiovn  in 
Figure  3-14  as  a  function  of  the  voluatetric  flow  rate.  The  data  for  the 
checkout  firlnga  (72-77)  is  shown  for  couparative  purposes. 

(U)  The  oxidizer  Injector  conductance.  KIJCO,  for  test  firing  111  is 
shown  in  Figure  3-15  as  a  function  of  cha  voliawCric  flow  rate.  The  data 
for  the  checkout  firings  is  shown  for  cosparative  purposes. 

(U)  The  injector  conductances  eieaaured  during  firing  111  are  both 
considerably  lower  than  those  ■easured  during  the  checkout  firings  of  the 
S/N-001  injector.  There  is  Insufficient  data  to  ascertain  wfaather  the 
difference  la  due  Lo  errors  in  the  voluaatrlc  flow  rata  Bsasureaent  or  in 
the  preasure  neasurenents .  or  in  both  Masurenents. 

3.3. 3.3  Ablative  Material  Performance 

(C)  The  average  erosion  rata  of  cha  MX-2600  silica-phenolic  throat  insert 
(tape-wrapped  at  60*  to  ()  was  approxlaiataly  2.0  nlls/sccond  which  is  con¬ 
siderably  lower  chan  Che  aesaured  value  of  6.0  nlls/second  obtained  on  test 
firing  107.  The  rose  erosion  was  nearly  aynaetrlcal  with  slightly  greater 
erosion  occurring  In  Che  260*- 300*  (clocicwlaa  froia  fuel  inlet)  section  of 
the  Insert.  There  la  nothing  in  either  cha  fabricating  process  or  the 
operating  conditions  to  Indicate  a  reason  for  this  difference  In  erosion 
rata.  Therefore,  it  Is  postulated  that  the  ablated  material  from  the  cow 
buaclon  chamber  was  substantially  cooling  Che  boundary  layer  which  in  turn 
flowed  through  Che  throat  region  with  a  greatly  reduced  local  recovery 
taeparacure.  Both  inserts  used  in  Che  107  teat  firing  and  ths  111  teat 
firing  were  wrapped  by  the  same  fabricator  using  ■aterlal  from  the  same 
lot.  Procasa  variables  were  Identical  and  the  apparent  density  of  Cha  two 
parts  were  nearly  identical.  The  operating  conditions  were  within  the 
normal  design  range  and  although  the  mixture  ratio  on  firing  111  was  slightly 
lower  than  on  firing  107  It  was  not  expected  that  the  erosion  rate  of  the 
silica-phenolic  throat  Insert  would  be  extremely  sensitive  to  mixture  ratio.  | 


The  erosion  rate  of  the  molded  MXA-150  aabascoa-phenollc  segmente 
20  inches  downstream  of  the  throat  averaged  10.15  nils/second  (5.25  to 
11.15  nlls/second).  The  40*  segment  at  150*  (clockwise  from  the  fuel 
inlet)  was  completely  eroded  (16.15  mlls/second) .  The  high  erosion  In 
this  40*  sector  caused  ejection  of  the  added  aft  segment  just  downstream 
and  subsequent  loss  of  four  additional  panels  during  the  firing.  Seven  aft 
pasals  were  ajseted  upon  ■aucdown.  The  erosion  pattern  at  the  throat/exit 
cone  interface  Is  shown  In  Figure  3-16.  Ths  erosion  rate  of  the  MX-2600 
throat  Insert  at  a  point  6.5  inches  downstream  of  Che  throat  plane  was 
1  mll/second;  just  downstream  of  Che  interface  the  erosion  rate  of  the 
MXA-150  is  estlawted  at  12  mlls/second.  This  corresponds  fairly  well  with 
Che  predicted  erosion  rate  used  in  the  preliminary  design  studies  as  dls- 
cuasad  In  Appendix  B. 
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(U)  Flgurt  3-lA.  Fu«l  lajcctor  Cunductance,  S/H-001  Injector  (U) 


<U)  Figure  3-15.  Oxidizer  Injector  Conductance,  S/lf-001  Injector  (U) 
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(U)  Plgui:*  3-16.  Eroiloo  Pattarn  of  X404363  Exit  Cona  Linar (D) 


(C)  Tha  aroaion  rata  of  tha  DP5-161  alllca-phanollc  Matarlal  In  tha 
chaabar  at  a  point  24  inchna  upatraaa  of  tha  throat  waa  3.3  nlla/aacond 
which  was  conaidarably  laaa  than  would  ba  pradictad  froa  tha  AP8PL  aatarial 
sersaning  prograa.  Thara  wars  no  daap  gougaa  at  tha  point  of  lapingaaant 
of  tha  reacting  atraaaa  on  tha  chaabar  wall  aa  waa  axpariancad  in  test 
firing  107.  Aa  haa  bean  notad  pravioualy  tha  aixtura  ratio  was  slightly 
lower  than  the  design  aixtura  ratio;  this  would  result  in  a  slightly  cooler 
wall  envlronaant  than  was  axpariancad  on  tast  firing  107. 


(U)  One  large  portion  of  tha  doaa  liner  (covering IS*)  waa  ajaeted  aithar 
during  tha  tast  firing  or  tha  poat-tsat  purging.  Tha  chaabar  linar  was 
also  cracked  and  saallar  sagaants  of  tha  linar  froa  an  araa  just  adjacent  to 
tbs  chaabar  llnsr/throat  Insart  Intsrfaca  ware  ejactad  also.  Thaaa  fsiluraa 
ware  due  to  the  shrlnkaga  of  tha  DPS-161  during  cure  as  noted  in  Saction 
2. 3.4. 2. 


3.3.4  Lona  Duration  Plrina  No.  3  -  X405Q90-2  PnitM  AliWblr 

<U)  Tha  1405090-2,  230,000  Ibf  thrust  (vacuua) ,  angina  assawbly  was  fired 
on  7  January  1970  for  98  seconds.  The  initial  coubustlon  ch-udiar  configura¬ 
tion  consisted  of  a  104  inch  L*,  1.44  chaabar  length  to  dlaautar  ratio  ai^ 
a  2.07  contraction  ratio.  Tha  ablative  liner,  tha  thrust  chaabar,  and  the 
total  engine  weights  ware  approxlaately  680,  3250  and  5030  pounds,  raapactlvely. 
The  test  firing  (117)  was  achaduled  for  120  seconds  but  was  tatnlnated  pra- 
naturcly  by  a  bum  through  of  tha  pressure  ahall  in  tha  convergent  section 
.  ..  .  I _  A.,^  t’n  m  tiifih  localised  aroaion  rata  of 

the  silicone  rubber  at  the  cyllndrlcal/convergant  aaction  Intarsactlon  wfauh 
exposed  the  netal  shell  and  caused  tha  bum  through.  Tha  test  firing  Is  dis¬ 
cussed  in  greater  detail  In  the  following  sections. 


3. 3. 4.1  yerforaance  Pats 

(U)  The  final  250,000  lb,  thrust  (vacuua)  englna  assaably  taatad  in  Task 
H  coneleted  of  the  1404056-1  (S/»-002)  danonatratior  injector  and  the 
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CONFIDENTIAL 


(U)  XA04362-1  thnwt  cha^«r  •■■eobly.  Th«  checkout  firings  of  this 
Injsctor  vers  «sd«  during  Task  1  and  arc  reported  in  Voluae  I.  Th« 
char  layer  on  the  pintle  tip  frota  the  checkout  firings  was  revived  by 
grinding  and  the  pintle  tip  was  refurbished  using  DC-93-104  fllled-sUlcone 
rubber.  The  thrust  cha*«ber  liner  consisted  of  DC-93-104  filled-sillcone 
rubber  throughout. 

(C)  The  (MAsured  thrust-throat  stagnation  pressure  relationship  abown  la 
Figure  3-1  wa.^  not  verified  during  the  Initial  S.O  second  period.  4s  noted 
In  Section  3. 3. 2.1  no  erosion  of  the  throat  was  expected  until  a  steady* 
state,  ablation  process  la  established.  The  confuted  specific  Inpulse 
efficiency,  nxap.  for  teat  firing  117  Is  ahown  in  Figure  3-1  aa  a  function 
of  nlxture  ratio.  At  couparabla  nlxture  ratios  the  perfomsuca  la  approzl- 
■ately  4.0  percent  greater  than  aeasursd  In  the  cold  vail  (heat-elnk)  com¬ 
bustion  chamber  during  flrlnge  98-100.  Tnla  Is  due  to  an  Increase  la 
nosile  efficiency  of  4.0  percent  over  that  naasured  In  teat  firings  98-100 
(see  Figure  3-1). 


(U)  The  eeasured  thrust  and  throat  stagnation  pressure  are  shown  In  Figure 
3-18  as  a  function  of  the  firing  tine.  These  plots  show  a  unlfora  erosion 
of  the  throat,  with  tine,  up  to  the  tine  of  bum  through  In  the  convergent 
aectlon.  No  rapid  pressure  decay  was  observed  until  propellant  valves  were 
closed  upon  visual  observation  of  the  bum  through. 


CONHDENTIAL 


Tine,  seconds 

Figure  3-IC.  Thrust  snd  StagoAtlon  Pressure,  Test  Firing  117  (U) 
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(C)  Th*  ioltial  throat  diaaatcr  waa  26.050  Inches.  Post-test  inspection 
showed  son*  nonunlforolty  as  indicated  In  Figure  3-19.  The  average  dlaaeter 
post-test  la  approzinately  27.330  Inches,  which  includes  the  loss  of  char 
and  aolten  silica  associated  with  engine  shutdown  and  the  engine  purging 
sequence.  Post-test  Inspection  showed  little  or  no  change  In  the  ID  at 
sections  where  th*  char  layer  was  still  evident.  These  values  were  used  to 
dctenin*  the  contraction  ratio  as  a  function  of  time  which  in  turn  was  used 
to  correct  the  head-end  pressure  to  throat  stagnation  pressure.  The  throat 
stagnation  pressure  and  thrust  values  shown  in  Figure  3-lS  as  a  function  of 
tlae  were  differentiated  as  discussed  in  Appendix  E,  Section  5.0  to  arrive 
at  tha  erosion  rata  of  th*  OC-93-104  naterlal  at  the  throat  is  lower  than 
predicted  from  the  subscale  results. 


fuel 

Inlet 


(C)  Figure  5-19.  Post-Test  Heasureaents,  X404362  Throat  (U) 


(U)  Tha  fuel  injector  conductance,  KIJCF,  for  test  firing  117  Is  shown  In 
Figure  3-21  as  a  function  of  tha  volueatric  flow  rat*.  The  data  for  th* 
checkout  firings  (98-100)  is  shown  for  coaparstlve  purposes. 


(U)  Th*  oxldlaar  injector  conductance,  KUtCO,  for  test  firing  117  la  shown 
In  Figure  3-22  as  a  function  of  the  voluaetrlc  flow  rate.  Th*  data  for  the 
checkout  firings  is  shown  for  coaparstlve  purposes. 


3. 3.4. 3 


(C)  Th*  average  erosion  rat*  of  th*  DC-93-104  filled  silicons  rubber  at 
tha  throat  plans  was  approxlaately  3.0  ails/second  which  la  considerably 


Xrosloa  tac«  of  I)C>93-1M  Throat  laaart.  Teat  rixlng  117  (0) 


KIJCV 
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(C)  lower  than  the  10  alls/secoad  value  meeaured  in  the  aubacale  test 
prograa.  The  tnroat  erosion  pattern  was  nonuniform  as  has  been  Indicated. 
Soae  of  the  nonunifomlty  appears  to  be  due  to  the  persistence  of  streaits 
through  the  throat.  These  streaks  are  also  apparent  In  the  exit  cone. 

(C)  Approxiaately  0.2S  inch  erosion  had  been  expected  at  the  exit  plane. 
Preliainaxy  evaluation  of  the  liner  Indicates  that  the  erosion  of  the 
saterial  in  the  exit  cone  was  alstost  nil.  The  char  layer  was  Intact  and 
approxiaately  0.20  inch  of  virgin  material  remained.  There  was  considerable 
evidence  of  silica  flow  in  the  nozzle  (exit  cone)  and  one  additional  hot 
screak  (in  addition  to  the  one  in  line  with  the  bum  through). 

(C)  Very  little  erosion  was  experienced  in  the  chamber  section  with  the 
exception  of  the  one  streak  in  the  throat  approach  section.  It  appears 
that  moat  of  the  char  layer  from  the  chamber  was  lost  during  the  shutdown 
and  purging  sequence.  The  char  that  remained  amounted  to  about  0.45  inches 
thick  with  about  0.40  Inches  of  virgin  staterial  beneath  the  char.  The 
char  showed  very  good  adhesion  to  the  virgin  rubber.  Fro«  the  appearance 
of  the  throat  section  the  DC  93-104  material  appears  to  be  more  envlronaent 
sensitive  than  the  KX-2600  silica-phenolic  material. 
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SECTION  4 
CONCLUSIONS 


(U)  This  section  presents  TRW  Systeas  conclusloas  bssed  on  the  ras\ilts  of 
design  studies,  evslustion  of  fsbrlcstlon  nethods,  ssd  snslysls  of  hardware 
psrfongsnce  during  the  Task  fl  phase  of  the  Injector/Chaaber  Sealing 
PesalblUty  Progran. 

(C)  Tha  Bkeaaured  vacuun  specific  lapulse  for  the  three  ablative  engines 
during  the  long  duration  firings  was  63  percent,  ^0.5  percent  at  the 
nonlnal  design  mixture  ratio  of  2.60  (0/F).  The  average  weight  of  these 
engines  Is  approximately  S290  pounds  each  with  the  all  DC-93-104  ablative 
liner  being  the  lightest  weight  design.  This  engine  is  estlaated  to  weigh 
S03Q  pounds  and  dec^onstrated  a  sea  level  thrust  to  weight  ratio  of  43.  The 
min,  perfomance  measured  during  tha  Task  II  long  duration  firings  was 
89  percent  which  la  one  percent  lover  than  that  measured  during  Task  I  In 
the  60-lncb  heat  sink  combustion.  The  one  dimensional  vaporization  rate 
limited  combustion  sndel  developed  In  Tank  I  for  sizing  low  cost  boostar 
engines  predicted  the  one  percent  loss  in  delivered  performance  for  tha 
S4-lach  long  ablative  chaadiers.  During  the  checkout  of  the  S/M  002  demon¬ 
stration  Injector  In  Task  I  a  lowered  performance  level  was  observed.  Sub- 
saquent  checkout  firings  of  the  S/H  003  demonstration  Injector  and  the  three 
long  duration  firings  Indicate  that  the  lowered  performance  was  due  to  erron¬ 
eous  thrust  measurements. 

(0  bong  duration  firings  of  the  two  tape-wrepped  MX-2600  silica-phenolic 
throat  Inserts  Indicate  an  average  erosion  race  of  4.0  mlls/aecond  (2.0  to 
6.0  mll/second)  which  la  slightly  better  chan  predicted  from  the  subscele 
material  evaluation  program.  In  the  exit  cone  Che  performsne*  of  the  MX- 
2600  elllca-phenollc  material  was  esasntlally  aa  predicted  although  tha 
pattern  created  by  Che  36  element  Injector  was  discernible.  Delam^natlon 
of  the  rosette  piles  occurred  near  the  exit  plan*. 

(Q  The  perfon^ance  of  the  DC93-104  filled  silicone  rubber  was  slightly 
batter  than  predicted  from  the  aubscale  material  evaluation  program  for 
Che  most  severe  condition.  Tha  erosion  of  the  DC-93-104  In  the  chamber 
and  exit  cone  sections  was  almost  negligible.  In  Che  throat  section  the 
design  thickness  vss  adequate.  The  char  depths  ranged  from  0.4  Inches  In 
the  chamber  and  at  the  exit  plana  to  approximately  O.B  Inctiss  at  Che  throat 
plana.  The  char  layer  shoved  excellent  sdheslon  Co  the  virgin  rubber  which 
In  turn  was  still  bonded  to  the  pressure  shall.  DC-93-104  filled  silicon* 
rubber  was  shown  to  be  an  effective  low-cost  sblator  for  roefcat  snglnss  of 
this  six*  even  Chough  the  current  row  material  cost  la  about  50  pisrcant 
groatar  than  the  raw  macarlal  coat  of  tha  slllca-phanollc  material.  This 
Is  due  to  the  elgnlflcsctly  lower  fabrication  (labor  plus  pcocasalng)  coats 
for  the  DC~93-104  natarlal.  The  MXA-ISO  componanta  war*  fabricated  by  two 
different  methods;  tha  lov-proaaure,  molded  Insltu  chamber  liner  had  a 
maxlmiai  erosion  rets  of  ebout  28  mlls/eecood  while  the  maximum  aroalon  rata 
of  the  comp'  aelon  molded  exit  cone  aegmenta  was  about  16  mlls/sacond.  Zoth 
of  thaaa  eroelon  ratas  are  greater  thvi  meaaurad  In  tha  AFEPL  material 
scraanlng  program  at  the  moat  sever*  test  conditions. 

SONFIOEHTIAL 


CONHDSNTIAL 

(C)  Th*  fourch  uterixl  evaluated  in  the  prograa,  Ironaldea  SLeain  Co.  DP- 
S-161,  vhlcb  van  uaed  aa  a  chaaber  liner  in  the  coaflguracibn  3  ablative 
thruat  chaaber  bad  acceptable  pcrforaance  (‘v3.3  alla/second)  aa  a  chaaber 
Insulator.  However,  the  cure  aechanlsm  for  the  aaterial  reaults  in  a  voluae 
change  (shrinkage)  which  takes  an  indeteralnaee  period  of  tiae  and  thus 
results  in  a  dlasnsionally  unstable  part.  Elevated  temperature  cure  of  the 
cast  material  reaults  in  cracking  of  the  aaterial  which  is  also  detrlaantal 
to  perforaance.  It  la  concluded  that  the  present  DP  5-161  foraulation  is 
not  satisfactory  for  uaa  In  ablative  liners  even  through  Its  erosion 
chsraeteristies  are  acceptable, 

(0)  Tbs  casting  techniques  uaed  in  fsbrlcsting  tbs  ablative  co^wnanta 
froa  DP-5-161  and  DC-93-104  were  limited  only  by  the  alxing  equipaant. 

Both  alxturea  are  viscous  and  there  is  sons  degree  of  difficulty  in  obtain¬ 
ing  uniform  mixtures.  The  greatest  difficulty  occurred  in  mixing  the  DP- 
5-161  which  requires  the  addltiou  of  a  large  saount  of  solid  (0.7  lbs)  to 
2.0  lbs  of  viscous  resin.  The  DP-S-161  mixing  process  is  exotharmlc  and 
requires  Jacketed  mixing  equipment  for  temperatxirs  control. 

(U)  The  segaented,  molded  panel  approach  (often  referred  to  aa  the 
'building-block*'  approach)  to  fabricating  large  ablative  coeponenta  appears 
to  be  a  feasible  technique.  Tapered  Joints  do  not  provide  sufficient  re¬ 
tention  force  to  hold  the  panels  in  place  and  positive  interlocking  of  each 
panel  appears  to  be  a  requlreaent.  In  addition,  a  thick  bond  line  technology 
auat  be  developed  to  hold  the  panels  to  the  pressure  shell. 

(U)  Tape-wrapping  of  throat  Inserts,  especially  for  engiae  thrust  slaea 
below  250,000  Ibf  thrust,  appears  to  be  the  best  technique.  For  booster 
else  engiass,  with  bum  tlaes  of  approxiaataly  120  seconds,  both  the  tape- 
wrapped  silica  phenolic  (MX-2600)  throat  insert  and  the  cast  fUled-eillcooe 
rubber  (DC-93-104)  have  erosion  rates  (“vS  ails/second)  which  result  in  minlmiM 
throat  area  change.  For  exaaple,  the  throat  area  of  a  3  x  10^  Ibf  thrust 
ablative  chaaber  would  increase  approxiaataly  1  percent  in  120  seconds  at 
these  aroaioa  rates. 

(0)  The  prograa  showed  that  acceptable  hardware  could  bo  fabrlcatsd  with 
a  minimum  of  quality  control.  It  in  not  anticipated  that  fabrication  of 
multi-aillioo  pound  thrust  ablative  liners  would  require  any  greater  quality 
control  than  eaployed  during  this  prograa. 

(0)  There  wore  no  instances  of  combustion  stability  with  any  of  the  dcaon- 
stratlon  injectors  during  any  of  tbs  checkout  firings  or  the  thm  long 
duration  firings. 
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APPENDIX  A 

STRESS  ANALYSIS  OF  250K  LONG  DUBATION 
THSUST  CHAMBER  SHELL  ASSEMBLY  (404342) 


(U)  The  etructural  eleaence  of  the  developaect  injector  and  heat-elnk 
coabuetlon  chaaber  were  atuiJL7ced  for  a  atatic  preaaure  loading  of  600  pal 
at  aablent  teaperatura  with  a  ainiaua  required  aargin  of  aafety  of  ona 
agatnac  preaaure  loading.  The  analytical  reaulta  are  given  In  Reference  1. 

(D)  The  230,000  Ibf  Long  Dt  :lon  Thruat  Chaaber  Shell  Aaseably,  F/N 
X404342,  la  a  revlaed  dcalgn  ,l  the  original  heat-eink  coabuaclon  chaaber 
which  waa  analyaed  prevloualy.  The  aajor  cbangea  In  the  redealgn  are 
(1)  the  addition  of  flongea  in  the  chaaber  aectlon  to  allow  for  Inatallatlon 
of  the  throat  Inaerta  and  (2)  the  reduction  of  aaterlal  thlckneae  In  the 
exit  cone.  The  atreaa  analyele  wae  aade  tor  a  preaaure  loading  of  600  pel 
at  aablent  teaperature. 

<U)  The  analytical  reaulta  are  auaaarlaed  in  Table  1  and  detailed  cal- 
culatlona  are  given  In  Che  following  pagea. 


Reference  1.  C.  A.  Voorheea,  Jr.,  "Injector /Chaaber  Scaling  Feealblllty 
Prograa",  A7RPL-TR-70- 86  ,  Voluae  I;  TRU  Syateae,  Radoodo 
Beach,  California;  April  1970;  Confidential  Report. 
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APPEliDIX  B 

SUBSCALE  CHAKBER  LINER  MATERIALS 
EVALUATION  PROGRAM 


1.  IKTROOUCTION  AMD  SUMMARY 
1.1  INTRODUCTION 

(U)  TRU't  Science  and  TechxiologY  Division  has  been  investif^stlng  new 
technology  related  to  the  goal  of  developing  low-cost  space  launch  vehi¬ 
cles.  The  najor  technological  effort  has  been  the  deaonatratlon  of  an 
engine  design  concept  which  would  be  scalesble  in  tens  of  perfonsance, 
stability,  and  durability  and  which  could  be  nanufactured  using  industrial 
i.’Sther  chan  aerospace  fabrication  techniques. 

(U)  In  support  of  the  Air  Force  funded  Injector/Chaaber  Scaling  Feasibility 
Progrsn  (Contract  No.  F04611-68-C-0085}  TRW  Systeas  undertook  an  IRU> 
program  to  investigate  the  feasibility  of  low-cost  ablative  liners  for  the 
250,000  Ibf  thrust  engine  designs.  The  Subscsle  Chamber  Liner  Haterials 
Evaluation  Program  had  the  following  objectives: 

e  Evaluate  candidate  250,000  Ibf  thrust  ablative  chamber  liners  at 
a  reduced  thrust  level  (1500  Ibf) 

S  Genecete  ablative  perfonaence  data  necessary  for  designing  the 
120  second  firing  duration,  250,000  Ibf  thrust  chamber  liners. 

S  Recommend  additional  materials  for  future  material  evaluation 
programs. 

(U)  The  materials  evaluated  arc  the  result  of  an  Industry  search  of 
potential  candidate  tank  lining  materials,  reentry  heat  shield  materials, 
launch  pod  protective  coating  materials  and  high  temnerature  ablative 
materials.  The  current  raw  material  costs  tanged  from  $2.00/lb.  to 
$10. 00/lb.  end  all  candidate  materials  showed  the  potential  of  sn  in-plsce 
coat  of  leas  than  $10. 00/lb.  for  production  quantities. 

(U)  The  program  was  conducted  in  two  phases.  Phase  1  (injector  char¬ 
acterization  phase)  consisted  of  determining  the  nwoth  wall  themo- 
dyncmlc  environment  as  a  function  of  Injector  operating  conditions  for 
fixed  injection  orifices.  Hest  sink  hardware  was  used  cr  determine  the 
local  thermodynamic  environBcnt  throughout  the  combuetlon  chasdier  and 
converging-diverging  nozzle  section.  Phase  II  (material  evaluation  phase) 
consisted  of  evaluating  the  candidate  low-cost  materials  to  determine  (1) 
char  formation  characteristics  of  the  char  forming  materials,  (2)  ebaaber, 
throat,  and  exit  cone  erosion  rates,  (3)  circumferential  variations  in  the 
erosion  rates,  and  (4)  the  virgin  swterlels  insulatlve  ability  from  the 
standpoint  of  minimizing  chamber  backwall  temperature. 
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(U)  Lljilced  laboratory  Investigaclona  were  also  conducted  to  obt«lu 
additional  themodynamlc  data  on  the  candidate  materials.  Axi  oxygen/ 
methane  (C2/CU^)  torch  was  uaed  (In  Che  laboratory)  to  simulate  oxidizer- 
rich  and  fuel-rich  chemical  environments.  Steady-state  ablation  surface 
temperatures  were  measured  with  an  optical  pyrometer.  This  surface  teai- 
perature  was  then  used  with  the  k  wn  gas  recovery  temperature,  a  Bartz 
value  of  convective  film  coefficient,  and  Che  measured  throat  mass  loss 
race  to  calculate  the  effective  heats  of  ablation  of  the  various  candidate 
materials.  The  effective  heat  of  ablation  is  a  lumped  paraxMter  used  to 
describe  the  ablation  process  by  a  purely  thermal  model.  This  parameter 
includes  all  forms  of  mass  loss  such  as  chemical  erosion,  mechanical 
erosion,  and  thermal  erosion. 

'  X 

1.2  SOMMASY 
1.2.1  General 


(U)  All  testing  was  conducted  using  the  TRW  1500  Ibf  vacuum  thrust  coaxial 
Injector  (see  Figure  B-1),  operating  with  oxidizer  ((<20^)  flow  through 
the  center  circuit  and  fuel  (UDHU)  flow  through  the  outside  circuit.  The 
flow  psassgea  and  Injection  orifices  of  this  injector  are  similar  to  those 
of  the  250,000  Ibf  Injector  uaed  In  the  Air  Force  sponsored  Injector/Chambsr 
Scaling  Feasibility  Program. 


(U)  The  nominal  test  conditions  were  based  on  matching  the  1300  Ibf  sub- 
scale  thermodynamic  and  gas  dynamic  throat  environments  to  those  anticipated 
in  the  250,000  Ibf  low-cost  ruckat  engine.  Section  3  describes  in  detail 
this  scaling  procedure.  The  resultant  test  conditions  were: 


Propellants 
Chamber  pressure 
Total  flow  rate 
Mixture  ratio 
Contraction  ratio 
Expansion  ratio 


NjO^/UDKH 
190  psis 
A. 5  Ib/sec 
2.0  to  2.7  (0/F) 

2.4 

2.8  (optimum  at  sea  level) 


Csvitaclng  Venturis  were  used  to  maintain  constant  propellant  flow  rates 
during  each  test.  Redundant  mesaurements  were  taken  on  all  critical 
engine  performance  parameters. 

(U)  Seven  injector  characterization  tests  were  made  In  a  heat-sink  thrust 
chamber  to  determine  the  smooth  wall  thermodynamic  environment  throughout 
the  thruat  chamber  as  s  function  of  injector  operating  conditions.  Figure 
B-2  shows  the  hest-slnk  thrust  chamber  assembly ;  the  assembly  was  instru¬ 
mented  with  three  steel  Nsnmac  thermocouple  probes  in  the  chasdier  snd  six 
Isolated  copper  calorimeter  plugs  In  the  nozzle  section. 

(U)  The  results  of  the  seven  heat-eink  Injector  characterization  teste  are 
presented  In  Table  I.  Test  firings  HA1-489-HA1-491  were  used  to  determine 
the  chamber  Chermsl  environment  over  the  mixture  ratio  (0/F)  range  of  2.0 
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(U)  Co  2.7  Figure  B-3  preeeace  Che  coiabuscloa  efficiency  based  oa 

CheoreclcaL  shifting  equilibrium  calculations  as  a  function  of  alxCure 
ratio.  Also  presented  in  Figure  B**}  are  the  chamber  and  throat  heat  re¬ 
jection  data  as  measured  in  line  with  the  injector  fuel  inlet.  Both  curves 
maximized  at  a  mixture  ratio  of  2.4  (oxidizer /fuel) .  The  measured  gas 
recovery  temperature  at  this  mixture  ratio  was  4850* F  in  the  chamber 
section.  The  throat  copper  calorimeter  plugs  resulted  in  longitudinal  heat 
losses  which  removed  Che  possibility  of  measuring  the  throat  gas  recovery 
temperature.  However,  since  a  value  equal  to  90  percent  of  Che  theorttical 
flame  temperature  was  measured  in  the  chamber  section  It  was  assumed  to  be 
constant  throughout  the  thrust  chamber. 

Table  I.  Subacalc  Chamber  Liner  Materials  Evaluatiun 

Program  Injector  Characterization  Test  Results  (U) 


Rua 

N<i. 

Tr«t 

iXtr«Uo* 

(•««) 

Muctur* 

Ratio 

(o/n 

TuUi 

Flow  Rale 
(ib/tect 

APIO 

APIF 

(p*U) 

NoatU 

StA|BAUOA 

Pr«*«ura 

(PbU) 

CK*r*cUri«Oe 

VBlocity 

(rt/B«c) 

CotnWtUaM** 

CfClcMMy 

{%) 

IIA1-4U 

1.  0 

^.4) 

4.49 

UL 

40 

lU.t 

33U 

93.1 

llAl-411 

VO 

2.09 

4.$l 

loa 

ii 

191.  J 

U47 

94.  1 

MAI-4H 

4.  \ 

2.44 

4.51 

U4 

39 

U9.  1 

5310 

94.9 

b.  1 

2.41 

4.50 

lU 

39 

UB.4 

5344 

94.7 

MAl-4(f'* 

2.44 

4.54 

ut 

40 

144.4 

»4I 

92.4 

HAI*4<H) 

2.0i 

4.49 

104 

49 

U7.  1 

94.3 

HA1*49I 

2.74 

4.44 

tt4 

3) 

17S.T 

40U 

u.« 

*  H«r(QrmAiu  «'  it  UABed  Mfi  duwnsirrMft  cKdumb*#  corr«ct«^ 


**  p«r<urm4iK«  i«  us  bMIttst 


Figure  B-3.  Chamber  and  Throat  Heat  Rejection  Data  and 
Combuetlon  Performance  (hr*)  es  a  Function 
of  Mixture  Ratio  for  t(  *  1500  Ibf  Injector 
with  Fixed  Injection  Orifices  (U) 
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1.2.2  Ablative  Material  ,'Svalmition  Fir  Inga 

(U)  The  purpose  of  the  ablative  aaterial  evaluation  tests  was  to  screen 
and  evaluate  various  candidate  low-cost  ablative  materials  for  possible 
use  in  the  250,000  Ibf  low-cost  long-^luraclon  thrust  chamber  assemblies. 

All  materials  evaluated  showed  promise  of  less  Chan  $10/lb  "in-place" 
costs  for  large  quantities.  The  ablative  performance  data  generated  for 
these  candidate  materials  were  used  to  design  baseline  thrust  chamber 
liner  assemblies  capable  of  ablacively  cooling  the  250,000  Ibf  rochet 
engine  for  a  single  120-second  continuous  burn.  A  mixture  ratio  of  2.4 
(oxidizer/ fuel)  was  chosen  for  evaluating  the  ablative  materials  since  this 
corresponds  to  the  most  severe  thermal  environment  measured  in  the  sub¬ 
scale  injector  characterization  test  firings.  At  this  mixture  ratio,  the 
thermodynamic  and  gas  dynamic  environments  were: 


Gas  Recovery  Temperature 

4850* F 

Smooch  Wall  Shear  Stress 

Chamber 

4psf 

Throat 

36psf 

Exit  Plane 

27paf 

(U)  Twelve  low-cost  ablative  liners  and  a  baseline  silica-phenolic  liner 
were  tested.  The  ablative  thrust  chasiber  assembly  employed  on  these 
teats  Is  shown  in  Figure  B-4.  All  tests  were  terminated  after  essentially 
the  same  amount  (percent)  of  throat  erosion  had  occurred.  The  calculated 
changes  In  the  thermodynamic  and  gas  dynamic  environments  because  of 
this  erosion  are  ahown  in  Figure  B-5.  The  throat  convective  film  coefficient 
decreased  35  percent  and  Che  throat  smooch  wall  shear  streat  level  de¬ 
creased  45  percent.  The  materials  evaluated  are  described  in  Table  II. 

(U)  The  measured  head  end  chamber  pressure  decay  rates  for  the  four  moat 
promising  ablative  materials  are  shown  in  Figure  B-6.  For  constant  pro¬ 
pellant  flow  rates  and  assuming  constant  combuaClon  performance  (character¬ 
istic  exhaust  velocity)  the  Instantaneous  throat  erosion  rate  can  be 
calculated  from  the  measurable  Instantaneous  chamber  pressure  decay  rate. 
Figure  H-7  presents  Che  instantaneous  Chroot  erosion  rates  of  the  four 
candidate  materials.  The  throat  eioalon  rate  decreases  nearly  linearly 
with  the  measured  head  end  chamber  pressure.  Since  the  convective  film 
coefficient  Is  dependent  upon  chamber  pressure  to  the  0.8  power  (see 
Section  3),  It  appears  that  Che  throat  erosion  can  be  described  by  s  simpli¬ 
fied  tliermsl  model.  In  essence,  the  model  defines  the  effective  best  of 
sblsclon  which  groups  the  thermal,  chemical,  and  mechanical  erosion  into 
a  lump<*d  parameter.  Table  III  presents  Che  effective  heats  of  ablation 
and  steady-state  ablation  surface  temperaturea  for  Che  iandld«Ce  ablative 
materials.  The  surface  temperatures  were  measured  with  an  optical  pyro¬ 
meter  In  controlled  chemical  environment  laboratory  torch  ceata  (sec 
Section  3.3.6). 

(U)  Figure  B-8  showa  the  throat  radium  hlaCory  as  determined  by  Integrating 
Che  instantaneous  throat  erosion  rate  and  the  calculated  value  uaing  the 
effective  heat  of  ablation  presented  in  Table  III.  The  agreement  In  Che 
two  curvea  verifies  the  validity  of  the  thermal  model  for  describing  the 
threat  erosion  process. 
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Figure  B-4.  1300  Ibf  Ablacive  Thruat  Chaaber  Aaaeably 

Uaea  for  the  Ablative  Material  Evaluation 
Flrlnga  (U) 


rifUl  CMAWMi 
ciOMtnv 


Figure  B-3.  The  Change  In  ttw  Thentodynaalc  and  Caa 

Dynamic  Envlronmenta  Becauae  of  70X  Throat 
Eroalon  (Recovery  Temperature  •  F>8S0*F)  (U) 
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Table  11.  Description  of  Matarials  Eyaiuated  During  Subaeale 
Chaabcr  Linar  Materials  Evaluation  Progran  (U) 
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Figure  5-4. 


Experlnantal  Chaabar  figure  5-7. 
Fraaaur*  Decay  Ratee 

for  the  four  Beat  Per- 
foraing  Ablative 
Materlale  (U) 
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Calculated  Instantan¬ 
eous  Throat  Eroelon 
Rate  for  Candidate 
HaterUla  (U) 
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THROAT  RADIUS  CHANGE,  INCHES 
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Tabic  III.  Subccalc  ChjBber  Liner  Haterlalc  Evalitaclon 
Prugiaak  ^XaClvc  Test  fteaulta  for  Che  Candi'- 
daca  Kaccrlaia  (U) 


Material 

Steady-State 

Surface  Temperature 
(OF) 

Effective  Heat 
of  Ablation 
(BtuAbm) 

MX-2600 

3340 

2400 

00-93-104 

3200 

1600 

HAVCG-41 

2880 

1000 

CE-223-50 

1110 

H75 

0.5 

0.4 

0.3 

0.2 

0.) 

0.0 

0  5  10  IS  20  25  30  35  40 

Time,  seconds 


Figure  B-8.  Throat  ladluc  History  as  Calculated  From  Heaeured 

Head  End  Chaaber  Freasurs  Decay  (solid  llns).  Also 
dsscrlbed  by  the  tharaal  aodel  which  includes  aachan- 
Ical,  chcaical  and  theraal  arosloa  as  a  luaped  paraa- 
acer-deflned  as  the  affactlva  hast  of  ablation 
(dashed  line)  (U) 
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2.  KAmiALS  EVALUATED 
2.1  GOtERAL 


(U)  The  •atcrUla  evaluaced  in  the  program  are  preaented  In  Table  VI 
and  arc  the  result  of  an  industry  search  of  the  following: 

e  Chemical  tank  lining  macerlala 

e  Reentry  heat  shield  materials 

e  Launch  pad  protective  coating  materials 

«  Aerodynamic  structure  protective  coating  materials 

e  Conventional  high  temperature  ablative  materials 

(U)  The  resin  systems  include  phenolics,  numerous  epoxies,  and  silicone, 
urethane,  and  neoprene  elastomers.  The  fillers  include  silica  fabrics, 
silica  flour,  silica  fibers,  aabeatos  fibers,  and  other  company  proprietary 
fillers.  The  currant  raw  material  costa  ranged  from  $2. 00/lb.  to  $10. 00/lb. 
and  all  materials  evaluated  showed  promise  of  reaching  $10. 00/lb.  or  lass 
in-place  cost  for  production  quantltiea.  The  following  paragraphs  deacrlhe 
the  five  SMSst  promising  materials. 


(U)  The  HX-2b00  suicerlal  consists  of  a  silica  fabric  impregnated  With 
a  silica-filled  lieiiullc  resin.  It  Is  a  conventional  rocket  engine  ablative 
sMterial  which  can  be  tape-wrapped,  using  a  tape  wrapping  suchlne,  or  hand 
iald-up  by  building  up  a  number  of  plies  of  previously  cut  fabric.  The 
tooling  costs  for  tape  wrapping  a  part  and  the  labor  costs  for  hand  lay-up 
processes  make  It  a  high-cost  material  when  installed  in  a  thrust  chamber. 

It  requires  both  elevated  temperature  (300*F)  and  pressure  (depending  upon 
geometry  of  part)  for  curing. 


2.1.2  DC-Vl-lW  Filled  Silicone  Rubber  (lx>w  Cornlnn 


(U)  The  OC-93-lO'i  is  a  filled  silicone  rubber.  The  silicone  rubber  la  a 
cross-linking  of  phenyl-methyl  polysilosanc  polymers  and  the  added  fillers 
are  company  proprietary.  The  addition  of  these  fillers  increases  the 
material 'a  realetancc  to  shear  loads  without  inhibiting  its  elongation 
characteristics  and  reduces  the  thermal  conductivity  of  the  material. 


(U)  The  stfterial  la  available  in  both  a  thixotropic  and  nonthlxotroplc 
version.  It  is  room  tesiperature  curable  and  has  a  /C  percent  elongation 
capability.  Tht  high  elongation  rate  allows  it  to  expand  or  contract  with 
Ita  backup  substrate.  The  use  of  DC  primer  solution  will  result  in  ealf- 
bondlng  of  the  Mterlsl  to  ita  back-up  aubatrate  during  curs.  The  asKMinC 
of  shrinkage  during  cure  's  miniaHi  because  the  catalyst  bacosMS  an  integral 
part  of  the  polymer. 
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Tabla  IT.  Subacala  Matarlala  Evaluactm  Protrax  Deaeriptlon  of  Hacarlala  Evaluatad  (U] 
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2.1.3  HAVEG-41  Aabeatoa-Phanollc  (Hawt  Induafcriea) 

(U)  HAVEC-41  is  an  aabaatoa  fiber-filled  phenolic  resin  ayaccst.  Tbo  . 
asbcsCQs  fiber  concenc  is  40  percent  by  weight.  The  our-gassing  of  cata¬ 
lytic  reactions  during  cure  causes  about  2  percent  voluaetrlc  shrinkage  of 
Che  aaterlal.  It  requires  both  teaperature  (300*F)  and  pressure  (2fO  psl) 
for  curing. 

(U)  HAVEC-41  is  a  coaaercial  noldlng  compound  uaed  priaarlly  foi:  lining 
chemical  tanks  and  pipelines.  It  is  a  char  forming  material  and  the 
prcaanca  of  the  asbeacoa  fibers  retain  this  char.  Very  little  data  have 
been  generated  on  this  material  as  an  ablative  liner  for  rocket  engine 
thrust  chandlers. 

2.1.4  HAVEG-41P  Aabestos-Phenolic  (Haveg  Industries) 

(U)  The  HAVEC-41F  asbestos-phenolic  is  a  room  temperature  catalytlcally 
cured  version  of  the  HAVEC-41.  Its  primary  use  is  as  an  ablative 
cement  for  bonding  compression  molded  aegmenta  of  the  HAVEC-41  material. 

It  is  a  two-part  system  consisting  of  a  hardener  solution  plus  the  asbestos 
phenolic  cement.  The  hardener  solution  must  be  thoroughly  mimed  with  the 
cement  to  insuru  complete  curing  of  the  material. 

2.1.5  CE-223-50  Silica  Filled  Epomy  Novalak 
(General  Electric  Co.) 

(U)  The  CE-223-30  Is  a  silica  filled  epoxy  Novalak  system.  It  contains 
a  mixture  of  silica  flour  and  milled  silica  fibera  aa  fillers  for  the 
epoxylattfd  Novalak  resin  base.  The  filler  coottnt  is  50  percent  by 
weight.  It  is  a  castable  material  which  can  be  cured  at  room  tamperatura. 
The  silica  fibera  are  spread  uniformly  throughout  the  reain  and  increaae 
the  resistance  to  shear  forces  for  retnlning  the  char  layer. 

3.  EZ7EKIKEKTAL  PROGRAM 

1.1  BACKCROUND 

(U)  To  effectively  evaluate,  on  a  subacale  basia,  low-cost  ablative  liner 
materials,  the  thermodynamic  and  gas  gynamlc  environment  of  the  subweale 
rocket  engine  must  be  comparable  to  the  full-scale  hardware.  The  Air 
force  sponsored  In  lector /Chamber  Scaling  Feasibility  Program  conaiats  of 
demonatrat Ing  the  feasibility  of  the  low-rost  sblatlve  liner  concept  at 
m  230, OCC  Ibf  thrust  level.  The  operating  conditions  of  this  englna  are: 

230,000  Ibf 
NjO^/UDMH 
300  psla 

2.3  to  2,9  (0/P) 

Contraction  ratio  2.1 

Expansion  ratio  4.0 
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Thrust  level 
Propellante 
Chember  preesure 
Mixture  ratio 
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3.1.1  ThroAt  Gas  Dytumic  Envlron«Atit 

(U)  The  Awocu  wall  shear  Atresa  profile  throughout  any  thrust  chaaber 
aay  be  calculated  i<ralng  Equation  3-1  where  this  equation  is  applicable  for 
gases  with  a  specific  heat  ratio  of  1.2  and  a  Prandcl  nuaber  of  0.83. 

-  2  )  (o.026aa-®-2 

(U)  The  Reynolds  nuatier  at  the  throat  is  calculated  froa  the  following 
aquation: 


^  1.0  +  1.64  ^0.161"®'^^ 


(3-1) 


Re,  -  1580  P  D, 
t  o  t 


(3-2) 


(U)  In  tense  of  nozzle  stagnation  pressure  and  throat  diaaeter  the  saooth 
wall  shear  stress  at  the  throat  is  given  by  Equation  3-3 


w  o 

The  units  to  be  ua^  in  Equation  3-3  are: 


+  0.0737  P  D 
o  t 


(3-3) 


P  ,  pals 

O 

,  Indies 
T^,  Ibf/ft^ 

3.1.2  Throat  Thenaodynaate  Environaent 

(U)  Using  Barts'  equation  (Raferenct  1)  Cot  the  convective  heat  transfer 
ftlai  coefflclint  (hg)  and  assuelng  constant  viscosity  (u),  constant  specific 
heat  (Cp),  constant  Prandtl  nuaber  (Pr)  and  constant  property  variation 
across  the  boundary  layer  (o),  the  throat  convective  flla  coefficient 
bccoacs  dependent  upon  nozzle  stagnation  pressure,  throat  dlaaetcr  and 
throat  radius  of  curvature  as  follows: 


„o!i  oJi 

”t  'c 

where: 

hg  is  the  convective  heat  tranafer  flla 
coefflclant,  Btu/ln^  eac*R 

r  la  Cha  nosale  throat  radius  of  curvature, 
Inc hoe 


(3-4) 


Reference  1.  0.  R.  Barts,  "An  Approxlaste  Solution  of  Coaprasalble 

Turbulent  Souiwisry-Layer  Devalopaent  and  Convective  Heat 
Tranafer  in  Convergent-Divergent  Noszlee,"  Trane. ASHE,  Mov.'55 
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l8  Che  Docsle  stegneclon  preeaure,  pala 

la  the  nozzle  chcoat  dlaaater,  Inchea 

(U)  The  nozzle  .agnation  praaaura,  throat  diaaeter  and  throat  radiua 
of  curvature  of  the  250,000  Ibf  low-coat  rocket  engine  are  300  pala, 

26.2  Inches,  and  11.5  Inchea,  respectively.  According  to  Equal Iona  (3-3) 
and  (3-4)  this  currcspoodc  to  a  saiooth  wall  ihaar  stress  at  the  throat 

of  31  Ibf/ft^  and  a  throat  convective  flla  coefficient  of  0.0012  Btu/ 
In^sec'K. 

3.2  1500  ENGINE  OPERATING  CONDITIONS 

(U)  The  1500  Ibf  rocket  engine  was  designed  to  operate  at  a  nozzle 
stagnation  pressure  of  300  psla  and  throat  dlaaeter  of  1.8  Inches.  For 
a  conatant  ratio  of  thrust  level  to  thrust  coefficient  the  operating  level 
of  the  1500  Ihf  rocket  engine  Is: 

P  -  974.5  (Ibf)  (3-5) 

o  c 

Figure  B-9  shows  the  relationships  between  nozzle  stagnation  preasure  and 
throat  dlaaeter  for  constant  asooth  wail  shear  stress  at  the  throat, 
constant  'onvactlvc  fllii  coefficient  at  the  throat,  and  thu  operating 
level  at  he  1500  Ibf  rocket  engine.  Ac  a  nozzle  stagnation  pressure  of 
170  psla  and  a  throat  dlaneter  of  2.30  Inches,  the  saooth  wall  shear  stress 
at  Che  throat  and  the  throat  convective  fils  coefficient  of  the  1500  Ibf 
rocket  engine  are  equal  to  the  values  for  Che  250,000  Ibf  rocket  engine.. 

(U)  A  slightly  higher  nozzle  stagnation  ptessure  was  selected  for  evaluat¬ 
ing  the  ablative  liners.  The  reason  for  this  was  char  as  the  throat  erodes 
this  pressure  will  decrease  and  a  greater  initial  pressure  will  result  In 
s  longer  test  duration  before  reaching  a  ■Lnlaua  head  end  chanber  prea- 
eure  ehutdown  criteria.  A  nozzle  etagnatlon  pressure  of  190  psla,  throat 
dlaaatcr  of  2.25  Inchea,  and  throat  radius  of  curvature  of  2.5  Inches  were 
Selected. 

(U)  Table  V  ahowa  the  calculated  saooth  wall  shezr  streae  at  the  throat 
and  the  throat  convective  flla  coefficient  for  both  the  250,000  Ibf  and 
tha  1500  Ibf  rocket  engines. 

3.3  ABLATIVE  MATERIAL  EVALUATION  FIKINCS 

(U)  Thirteen  ablative  liners  were  tested.  Figure  e-IO  shows  the  15CC  Ibf 
ablative  rocket  engine  assmbly  siounted  In  the  HEFTS  A1  test  cell. 

(0)  Table  VI  presents  the  ablative  aaterlal  evaluation  test  results.  All 
tests  were  conducted  sC  s  alscure  ret lo  of  2.4  (0/F)  and  a  total  propellant 
flow  rate  of  4.5  Ib/scc.  This  corresponds  to  the  aost  severe  chaaber  and 
throat  theraal  cnvlronwcnts  acasured  In  the  Injector  characterization 
firings.  All  tests  were  tcmlnsted  after  essentially  th-  sssm  aauunc  of 
throat  erosion  had  occurred.  The  changes  in  tha  thsraodynoalc  and  gas 
dynsalc  envlronaents  because  of  the  throat  etoslon  tfere  calculated  by 
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figure  B-9.  Throac  Oianet.'C  Versu*-  Noizle  Scagnaclon  Preaaurc 

for  ConscntiC  Saooth  Wail  Shear  Screaa  at  the  Throat 
CoontanC  Convective  Flia  Coefficient  at  the  Throat 
aa4  the  Operating  Level  of  the  iSOO  Ibf  Engine  (U) 


Table  V.  Subacale  Chaabar  Liner  Mater lala  Evaluation  Prograa 
Tharaodynaalc  and  Caa  Oynaalc  Environaenta  (U) 


Parameter 

Engine 

250,  000  Ibf 

1500  Ibf 

Smooth  Wall  Shear  Streia 
[  Equation  (3-3  ] 

31  paf 

36  paf 

Throat  Convective 

Film  Coefficient 
((EquatioD  (  3-^  ] 

0  0017 

n  nn*  ■>  Bru 

in  aec^R 

In  aec''R 
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(U)  assuming  that  the  wall  chsaical  environaent  did  not  change.  Figure 
B-11  shows  these  changes  in  environaents .  The  throat  convective  filn 
coefficient  dropped  35  percent  and  the  throat  smooth  wall  shear  stress 
level  dropped  45  percent. 


Figure  B-10 

Ablative  Cooled  1500  Ibf 
Rochet  Engine  Mounted 
In  the  HEPTS  A1  Teat  Cell  (U) 


(0)  The  four  best  performing  ablative  materials  were  MX-2600,  DC-93-104, 
HAVEG-41;  and  GE-223-30.  The  measured  head  end  cliamber  pressure  decay 
rates  for  these  materials  are  presented  In  Figure  B-12.  The  InsCsntsncous 
throat  erosion  rates  which  were  calculeted  from  the  measured  heed  end 
chamber  pressure  decay  rates  are  shown  In  Figure  B-13.  A  nearly  linear 
reletlonahlp  between  head  end  chamber  pressure  snd  instsntansous  throat 
erosion  rste  wss  observed  by  comparing  Figures  B-12  sod  B-13.  This 
indicated  that  the  throat  erosion  was  highly  dependant  upon  the  hast  flux 
iuCo  the  isatarial  since  the  convective  fils  coefficient  is  dependent 
upon  chaadier  pressure  to  the  0.8  power  {see  Reference  1).  The  thermal 
modal  which  describes  this  ablation  rate  dependence  upon  chamber  pressure, 
requires  s  knowledge  of  the  steady-state  ablation  surface  temperature 
for  the  materials. 
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T«bl«  VI,  Subac«l«  Cbaabcr  Liner  Material.  Evaluation  Progra*. 
Ablative  Linar  Teat  Condition,  and  Sesulto  (U) 
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AXIAL  LOCATION 


Figure  B-11.  Initial  and  Final  Thenodynaalc  and  Gas 

Dynaaic  Envlronaenta  Throughout  the  1500  Ibf 
Thrust  Chaaber  Assembly  (D) 


<D)  Controlled  chemical  environaent  torch  tests  w^re  conducted  to  de¬ 
termine  the  ateadr-atata  ablation  aurfacr  teapersture  for  each  of  the 
four  candidate  materials.  Section  3.3.6  describes  these  testa  jiud  pr«fi£uC5 
the  data  obtained  for  additional  aster lala  of  interest.  Table  VII  gives 
the  t  fective  heat  of  ablation  and  the  steady-state  ablation  surface 
temperature  s'*  measured  in  the  controlled  chemical  environment  torch  testa 
for  the  fou  indldste  materials. 

(U)  Sections  3.3.1  through  3.3.5  discusses  the  results  obtained  during  the 
angina  testing  of  each  natsrlal.  Inspsctions  of  the  photographa  Indicates 
the  matevtala  char  formation  characteristics.  The  baseline  KZ-2600  silica- 
phenolic  liner  maintained  a  thick  char  layer  througbout  the  engine. 
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Figure  B-12.  Measured  Uead-Eod  Chamber  Praaaurs  Decay 

Katas  for  Bast  Purforalng  Ablative  Materials  (U) 


figure  B-13.  lostantaneous  Threat  Eroaioa  late  for 

Pour  Best  Perfomlng  Ablative  Materials  (C) 
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Table  VII.  Subscale  Chaaber  Liner  Hater lals  Evaluation  Prograa 
Ablative  Test  Results  for  the  Candidate  Materials  (U) 


Material 

Steady  State  Ablation 
Surface  Temperature 

CF) 

Effective  Heat  of  Ablation 
(Btu/Ibm) 

MX-2600 

3340 

2400 

DC-93-104 

3200 

1600 

HAVSC-41 

2880 

1000 

GE-223-5G 

3130 

875 

3.3.1  MX-2b00  Silica-Phenolic  (Ftberlte  Corporation) 

(U)  The  KX-2600  silica  ;>Uenolic  ablative  liner  is  shown  in  Figure  B-I4. 

The  silica  fabric  was  oriented  60  degrees  to  the  center  line  of  the  chaabsr. 
The  billet  was  cured  at  320*F  and  a  ■axiaum  pressure  of  SOOO  psia.  The 
internal  chaaber  contour  was  machined  and  the  billet  was  secondarily 
bonded  to  the  steel  sleeve. 

(n)  Figure  B-15  shows  the  post-test  condition  of  the  MX-2600  ablaclva 
liner.  The  test  duration  was  37  seconds,  during  which  tlae  the  measured 
head  end  chamber  pressure  dropped  from  205  to  132  psia.  The  test  was 
terminated  prematurely  because  of  possible  danger  to  the  test  hardware. 


Figure  B-14.  MX-2600  Silica  Phenolic  Figure  B  \5. 

Ablative  Liner  Before 
Testing  (0) 


MX-2600  SUica  Phenolic 
Ablative  Liner  After 
Testing  (U) 
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(U)  Figure  B-16  shows  the  post-test  profile  of  the  MX-2600  liner.  Thla 
profile  is  In  line  with  the  Injector  fuel  inlet  fitting  and  is  representative 
of  the  average  ablative  performance  for  all  materials  except  the  HAVEG-41F. 
Figure  B-17  shows  the  circuoferential  variations  in  throat  erosion  for 
this  liner.  The  surface  regression  rate  measured  from  this  photograph  is 
7.3  _  mils/second- 


Figure  B-16.  Surface  and  Char  Profiles  for  MX-2600  Ablative  Liner 
Teat  (total  on  time  was  37  seconds)  (U) 


(U)  Figure  B-13  shows  (1)  the  measured  head  end  chamber  pressure  decay . 
(2)  Che  corrected  nozzle  atagnation  pressure  decay,  (3)  the  calculated 
first  derivative  of  the  throat  radius,  and  (4}  the  effeetlva  throat  radlua 
as  a  function  of  time.  The  effective  bent  of  ablation  for  thla  matarlal 
Is  2400  Btu/lbm  and  is  based  on  an  ablation  (surface)  temperatura  of 
3340*P. 


3.3.2  L'C"93-1Q4  Filled  Silicone  Ruhbar  (Dow  CornlnB) 

(U)  ThiS  DC-S3-104  filled  tillcone  rubber  liner  la  ritom  In  Figure  B-19. 
The  DC-93-104  material  vaa  caat  into  tha  ateel  aleeve  which  waa  treated 
with  DC~1200  priacr  aolutlon  and  cured  at  room  temperature  and  ambient 
pr^asur:.  The  internal  chamber  contour  waa  machined. 


(U)  Figure  B-20  ahowa  tha  poat-caat  condition  of  tha  DC-93-104  ablatlva 
linar.  Ths  test  duration  was  40  seconds  during  which  tlae  the  measured 
head  end  chamber  pressure  dropped  from  204  Co  114  psla. 


(U)  Figure  B-21  shows  the  post-test  profile  of  the  DC-93-104  liner  as 
messuri^d  In  line  with  the  injector  fuel  Inlet.  The  circumferential 
variation  in  throat  erosion  is  shown  in  Figure  B-22.  The  surface  regresalon 
rate  measured  from  this  photograph  is  10.0  ^  ^  mlls/second. 
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18. 


KX-2600  (60*  to  £)  Ablstlvo  Linar  Matarlal  Evaluation 
Tast  Kaaulta  (Hia-494)  (U) 


71gura  B-17 

KZ-2600  Silica  Fhanollc  Ablatlva 
Linar  Xliroat  Prof  11a.  Shadad 
ar«a  la  tha  initial  throat  profUa 
(dlanatar  >  2.25  Inchaa).  Taat 
duration  wan  37  aaconda  with  4.5 
Ib/aac  total  flow  rata  at  a 
nlxtura  ratio  of  2 . 4 (N20^/UDMB) . 
Tha  avarags  throat  aroalon  aa 
*7cs  tbi *  pbotogTSi^li 
wan  7.3  ■ila/aacond.  (U) 
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Figure  B-19.  DC-93-104  Filled  Silicone  Figure  B-20.  DC-93-lO;  Filled  Silicone 
Rubber  Ablative  Liner  Rubber  Ablative  Liner 

Before  Testing  (IJ)  After  Testing  (u) 
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Figure  B-21.  Surface  and  Char  Profiles  for  DC-93-10A  Ablative  Liner 
Teat  (total  on  time  waa  39.4  aeronda) 
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Flgura  B-22 

00-93-104  Filled  Silicone  Rubber 
Ablative  Liner  Throat  Profile. 
Shaded  area  in  the  initial  throat 
profile  (diameter  2.25  inches). 
Teat  duration  waa  40  seconds  with 
4.5  Ib/aac  total  flow  rate  at  a 
mixture  ratio  of  2.4  (N^O^/UDMH). 
The  average  throat  erosion  as 
measured  from  this  photograph 
was  10  mils/sec.  (U) 


(U)  Figure  B-23  shows  (1)  the  mcaaursd  head  end  chamber  pressure  decay, 

(2)  the  corrected  nozzle  stagnation  pressure  decay,  (3)  Che  calculated 
first  derivative  of  the  throat  radius,  and  (4)  the  effective  throat  radius 
as  a  function  of  time.  The  effective  heat  of  ablation  for  this  material 
Is  1600  Btu/lbm  and  is  based  on  an  ablation  temperature  of  3200*F. 

3.3.3  HAVEG-41  Aabaatos-Phenollc  (Haven  Industriea) 

(U)  The  HAVEC-41  asbestos-phenolic  ablative  liner  is  shown  in  Figure  B-24. 
The  material  was  compression  molded  at  200  pal  and  300*F.  The  internal 
chamber  contour  was  machined  and  the  billet  was  secondarily  bonded  to  the 

steel  sleeve. 


(U)  Figure  B-25  shows  the  post-test  conditiou  of  the  UAVEC-41  ablative 
liner.  The  teat  duration  was  25  seconds  during  which  tlaw  the  measured 
head  end  chaadiar  pressure  dropped  from  199  psia  to  110  psia. 


(U)  Flgurs  B-26  shows  the  post-test  profile  of  the  UA’>1EG-41  liner  as 
measured  in  line  with  the  Injector  fuel  inlet.  The  circumferential 
variation  in  throat  erosion  is  shown  in  Figure  B-27.  The  i.urface  regresaion 
rate  measured  from  this  photograph  is  mlls/second. 


(U)  Figure  B-28  shows  (1)  the  measured  head  end  chamber  pressure  decay, 
(2)  the  corrected  nozzle  stagnation  pressure  decay,  (3)  the  calculated 
first  derivative  of  the  throat  radius,  snd  (4)  the  effective  throat  radius 
as  a  function  of  time.  The  effective  heat  of  ablation  for  this  SMtarial 
la  1000  Btu/lbm  and  is  baaed  on  an  ablation  temperatura  of  2880*F. 
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Figure  B-23.  PC-93-104  Filled  Silicon*  Rubber  AbleClve 

Liner  Mecerlel  Evalueclon  leec  Reeulce  (V) 


Figure  r-24.  UAVZC-41  Aabeecoe  Figure  B-2S. 

PhetMllc  Ableclve  Liner 
Before  TeeClng  (u) 


KAVEC-41  Aabeetoe 
Phenolic  Abletlre  Liner 
After  TeeClng  (U) 
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rigufa  B>-26.  Surfaca  and  Char  Profilaa  for  ilAVEG-41  Ablatlva  Linar 
Tint  (total  on  tlaa  waa  24.9  aaconda)  (U) 


Flfura  B-27 


SAVIC-41  Aabaatoa  Phaaollc  Ablatiira 
Linar  Throat  Froflla.  Shadad  araa 
la  tha  Initial  throat  profila 
(dlaaatar  2.25  Inchaa).  Taat 
duration  van  25  aac  vlth  4.5  Ib/aac 


of  2.4  (■.O.AnxO).  Tha  araraga 
throat  aroaioa  aa  aaaaurdd  fro* 
thia  photograph  waa  18  nlla/aac.  (U) 
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Vigura  B-28.  HAVEG-AI  Aabestos  Phenolic  Ablative  Liner 
Katerlal  Evaluation  Teet  Reaulta  (u) 
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3.3.4  HAVEC-41P  Aabeatoa-Phenollc  (Haven  Induatrlee) 

(U)  The  HAVEG-41f  aabeatoa  phenolic  ablative  liner  la  alunm  Is  Figure  8-29. 
The  ateel  alccve,  waa  aandblaated  and  uaed  an  an  open  sold  for  curing 
the  UAVEC-41F  Material  at  rooM  teeperature  and  aHblent  preaeure.  The 
liner  bonded  to  the  alecve  during  cure;  however,  the  bond  wee  weak  and 
failed  during  uchlnlng  of  the  Internal  contour.  laolated  volda  were  un¬ 
covered  during  thla  nachlning  proceaa  and  were  patched  with  the  parent 
naterlal. 

(U)  Figure  B-30  ahovs  the  poet-teat  condition  of  the  IUVEG-41F  ablative 
liner.  The  teat  duration  vaa  17  aecoada  during  which  tlae  Che  Beaaurcd 
head  end  chanber  prcaaure  dropped  fron  203  to  109  pale.  Flgcrd  B-31 
abova  the  poat-teat  profile  of  the  HAVEG-AIF  liner  aa  aeaeured  In  line 
wich  Che  Injector  fuel  inlet.  The  clrcunfcrcnclal  variation  In  throat 
sroeicR  is  shown  in  Figure  8^2^  The  aurface  regreaalon  rate  neaeured 
froH  thla  photograph  la  24.S^;j  nila/aecond. 

(0)  Figure  B-33  vhowe  (1)  the  neeeured  head  end  chaieber  praaaura  decay, 

(2)  the  corrected  nozzle  stagnation  preaaurs  dacay,  (3)  the  calculated 
flrat  derivative  of  the  throat  radlua,  and  (4)  the  effactlva  throat  radlua 
aa  a  function  of  tlaie. 
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Flgura  D-29.  liAV£G~AlF  Asbestos  Figure  ti-30. 

Phenolic  Ablative  Linar 
Before  Testing  (U) 


HAVEG-41F  Aabaatos 
Phenolic  Ablative  Liner 
After  Testing  (U) 


Figure  B— 31.  Surface  and  'ihar  Profiles  for  HAVCC-41F  Ablative  Liner 
Test  (total  on  tine  was  17  seconds)  (U) 
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Figure  B-32 

HAVEG-AIF  Asbeatos  Fheoollc  Ablative 
Liner  Throat  Profile.  Shaded  area 
ia  the  initial  throat  profile 
(diaacter  2. 25  Inchca).  Teat 
duration  waa  18  aeconda  with  4.5  lb/ 
acc  total  flow  rate  at  a  aixture 
ratio  of  2.4  (N20^/UDMU).  The 
average  throat  eroalon  aa  neaaured 
froB  thla  photograph  waa  24.5  eila/ 
aecond.  (U) 
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Figure  B-33.  11AVEC-4IF  Aabeatoa  Phenolic  Ablative  Liner  Katarial 
Evaluation  Teat  Reaulta  (U) 
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3.3.5  GE-223-50  Silica  rilled  Epoxy  Kovalak  (General  Electric  Co.) 

The  GE-223-S0  silica  epoxy  Novalak  ablative  liner  is  shown  in 
Figure  B-34.  The  GE-223-S0  material  was  cast  into  an  open  mold  and 
cured  at  room  temperature  for  16  hours.  The  cure  process  was  then 
accelerated  by  curing  at  260*F  for  12  hours.  The  total  required  cure 
time  St  room  temperature  is  approximately  AS  hours.  The  liner  was 
secondarily  bonded  to  the  steel  sleeve  with  a  high  temperature  epoxy 
adhesive.  The  internal  contour  was  machined  which  uncovered  a  pccket 
of  partially  cured  material  in  the  chamber  section.  The  specimen  was 
tasted  in  this  condition. 

(n)  Figure  B-3S  shows  the  post-test  condition  of  the  GE-223-50  ablative 
liner.  The  teat  duration  was  24  seconds  during  which  tine  the  measured 
head  end  chamber  pressure  dropped  from  200  to  112  psia.  Figure  B-36 
shows  the  post-test  profile  of  the  GE-223-50  liner  as  measured  in  line 
with  the  Injector  fuel  inlet.  The  circumferential  variation  in  throat 
erosion  is  shown  in  Figure  B-37.  The  surface  regression  rate  measured 
from  the  photograph  is  IS^n  mils/second. 


Figure  B-34.  GE-223-50  Silica  Filled  Figure  B-3S.  GE-223-50  Silica  Filled 

Epoxy  Novslak  Ablative  Epoxy  Kovalak  Ablative 

Liner  Before  Testing  (0)  Liner  After  Testing  (1*) 


(U)  Figure  B— 38  shows  (1)  the  measured  bead  end  chamber  pressure  decay  • 
(2)  the  corrected  noisle  stagnation  pressure  decay,  ())  the  calculated 
first  derivative  of  the  throat  radius,  and  (4)  the  effective  throat  radius 
as  a  function  of  time.  The  effective  heat  of  ablation  for  this  material 
is  875  Btu/lbm  and  is  based  on  an  ablation  temperature  of  3130*F. 
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Figure  B-36.  Surface  and  Char  ProfUea  for  GE-223-50  Ablative 
Liner  Teat  (total  on  tlae  waa  23.9  aeconda)  (U) 
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Flgur*  t’-37 

CE-223-50  Silica  Filled  Epoxy 
Novalak  Ablative  Liner  Throat 
Profile.  Shaded  area  la  the 
Initial  throat  profile  (dlaaeter 
<■  2.25  ierhea).  Teat  duration 
waa  24  aeconda  with  4.5  lb/a«c, 
total  flow  race  at  a  mixture 
ratio  of  2.4  (NjO^/UIWB).  The 
average  threat  eroaion  aa 
Bsaaursd  frea  tola  photograph 
waa  18  mlla/aecond.  (U) 


UNCLASSIFIED 


UNCLASSIFIED 


inS9-6007-»8-00 
F«8«  B'31 


ROfCLLANTS 
TOTAL  FLOW  lATI 
MIXTUU  KATIO 
CONTUaiON  tATIO 
INITIAL 
FINAL 


NjO^  /UOMH 

*.S  LA^SEC 
2.4  10/ f) 

2.31 

I.M 


1.70 

1.40 

I.M 

1.40 

1.30 

1.20 

I.IO 


I 


flgura  B>38.  aC'‘273»SO  SUlcm  Filled  Epoxy  Novelak  AoleClvw  Uner 
Moteriel  Eveloetlob  teat  Reeulti  <D) 


3.3.6  Controlled  Ch<»ic»3.  EmrlronaenC  Laboratory  Toych  Teef 
3. 3. 6.1  ExperltPtel  Procedure 

(3)  The  experiaental  approach  uaad  vaa  to  axpoae  candidate  eateriela 
to  Che  ox7t*"/*'*^^*ca  torch  and  record  thalr  degradation  aa  a  function  of 
Ciaa.  Thaae  data  could  then  be  correlated  with  the  eanplea'  conpoaitlona 
to  detemlne  faborable  eoadiinationa  of  binder  and  flllar.  Low  aroalon  of 
a  particular  coapoaltlon  could  lead  to  adoption  of  the  watarlal  directly 
or  poealbly  to  derelopnant  of  a  new  product. 

(U)  Teat  apeciaena  were  Mchired  to  i  i/2-inch  diaaecer  by  1  1/2-iach 
hl|k  cyllndera.  A  3/8-lnch«diaaetar  hole  waa  drilled  through  the  longx- 
^udlnal  axla  of  each  aaapla  and  the  torch  flaaa  directed  at  thla  bole. 
Ty^.'lcal  teat  apaclaena  are  abown  In  Figure  B-39.  Several  apaclaena  fron 
each  naterlal  ware  prepared  lu  thla  configuration  to  provide  check  da.a 
and  teata  under  different  condltlona. 

(C)  Figure  B-40  la  a  photograph  of  the  torch  teatlng  facility.  Although 
the  torch  contalnaent  veaael  nay  be  evacuated  or  operated  with  an  Inert 
atnoapbere,  the  upper  half  waa  left  off  and  cheaa  teeta  were  run  in  an  air 
ataoapbera. 
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Figure  B-39 

Photogr&ph  of  Typical  Teat  Specl- 
Mus  Uaed  for  Oxygen/Methaa*  Torch 
Teata.  The  aaaplea  are  aachlued 
to  cyllndera  and  a  3/8-lnch  dlanaCer 
bole  bored  through  to  receive  Che 
torch  flaaie.  Percent  weight  loaa 
with  flaae  expoaure  tliae  la  cal¬ 
culated,  and  reported  aa  torch 
eroalon.  (U) 


(U)  To  conduct  each  teat,  apeclstena  were  rapidly  awung  under  the  buxa- 
Ing  torch  (shown  In  a  closeup  photograph  In  Figure  B-41)  which  haa  been 
poalCloned  prior  to  lighting  the  flaae,  and  the  tlaUng  atarted.  After 
the  required  expoaure  of  1,  3,  or  5  alnutaa,  the  aaaple  was  swung  away 
from  Che  flaae  ImpingeaenC  sons  and  allowed  to  cool.  Any  raaMlning 
flaaes  were  snuffed  out  with  a  fabric  mat.  During  the  expoaure,  a  Pyro 
XnscruotenC  Coapany  Hodcl  93  optical  pyroaeter  waa  used  to  eeaaure  the 
aaaple  surface  teaperaCute  at  the  drilled  hole  opening.  This  teaperature, 
losuaed  tu  be  Che  highest  experienced  by  the  saaple,  is  reported  In 
Table  VII  es  Che  equlllbrlua  surface  teaperature  for  Chat  saapla.  Dater- 
alnation  of  Che  heat  flux  waa  carried  out  by  using  s  copper  cylinder 
of  Che  esJM  apeciaen  dlacnsions  fitted  with  a  tharaocoupla, 

A  nuaber  of  programs  have  been  conducted  to  find  e  aaclafactory 
low-coec  chaaber  liner  coaposltlon.  loltlal  TRW  angina  casta  conducted 
under  en  IR  and  D  program  found  four  likely  candidate  aacarlala.  Thnaa 
aaterlals,  nore  fully  describe  In  Section  2  are  ns  follows: 

a  MX-2600,  Flbcrlte  Corporation 

•  DC-93-104,  Dow  Corning  Corporation 

•  HAVEG-41,  Haveg  Induatrlea 

•  GE-223-50,  Cencrel  Clecttic  Company 
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Fl&me  tecaperatnre  *  2670°C. 
Flame  temperature  s  Z050°C> 
Optical  pyrometer  meaiuremeut. 
Sit*  all-eiaed  cample. 
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(U)  A  ilallar  progrAa  conducCed  by  th«  AFSFL  has  ahown  th«  following 
■acarlala,  siaong  others,  to  be  attractive  candldatea: 

e  HZA-ISO,  Flbecite  Corporation 

e  Plaetonlua,  Inaulatioa  Syateatf  Incorporated 

w  Ironaidea  DPS-160,  Ironaldea  Raalne  Incorporated 

(U)  In  all,  a  total  of  12  materlale  have  been  teated.  The  behavior  of 
the  above  aeven  oaterlala  la  described  In  the  follo%rlng  section. 

3. 3. 6. 2  Teat  Rcaulta 


(H)  Teaparatures  at  the  flaua  Impingement  surface  ware  measured  by 
optical  pyrometer  and  appear  to  be  reproducible  withln!t20‘'C  percent) . 
This  observed  teapetaturc  Is  considered  to  be  the  «—■»■< attained  tinder 
the  teat  conditions  and  la  essentially  tlie  ablation  nechanlaa  reaction 
temperature. 

(U)  Additional  Inforswtlon  was  obtained  by  weighing  each  specimen  to 
the  nearest  milligram  before  and  after  exposure.  In  this  way,  erosion, 
as  a  result  of  the  flame  exposure,  could  be  calculated  for  each  apeciaen. 
Results  are  reported  on  a  percent  by  weight  basis.  However,  as  the 
candidates'  specific  gravity  values  are  all  between  1.4  and  1.7  (with  ona 
axcaption,  Plaatonium,  with  a  apaciflc  gravity  of  O.B)  thaea  data  ara  alio 
raaaonably  comparable  to  percant  by  volume.  Inherent  In  the  erosion  loss 
result!  are  weight  loaese  due  to  voletUe  products  from  below  the  char 
barrier.  Although  not  ectualiy  ahaar>'lnducad  erosion,  these  losees  are 
also  a  significant  factor  In  determining  the  eblatlve  end  Ineuletlve 
properties  of  e  material  and  are  an  appropriate  component  of  tha  data. 

(U)  Figure  B-42  ahowa  the  samplea  of  the  four  candidate  laaterlale  from 
tha  IRU  IRU)  metariela  evaluation  program.  Figure  B-43  ahowa  tha  aamplaa 
of  tha  three  candidate  matarlala  from  the  AFRFL  "In-houaa"  tent  program. 

(U)  Four  of  the  candidate  metcriele  were  each  teated  at  three  flams 
axposurea  tlaaa— 1,  3,  and  5  ainutce.  Flota  of  erosion  loaaes  veraue 
tliM  gave  relaLlvely  aaooth  curves  as  In  Figure  D-44.  Tha  curvaa 
defining  thin  relationship  are  expected  aa  the  post-teat  apaclmena  each 
had  a  significantly  thick.  'Srall”  remaining.  A  aharp  deflection  In  tha 
erosion  loss  vsrsus  tlms  curvs  could  occur  If  the  sampln  wss  Inhomoge- 
ussus  or  if  the  wall  decreased  Ita  heat  sink  function.  Apparently  neither 
wee  tbe  case. 

(U)  Both  oxldlxer-rlch  snd  fuel-rich  torch  conditions  were  used  In 
testing  each  saapla.  In  the  laboratory  experiments,  torch  flams  tesh- 
psraturr  varied  from  20S0*C  for  the  fuel  rich  condition  to  2670*C  i'^r 
the  oxidizer  rich  condition.  The  expected  flame  condition  In  the  engine 
la  batwweu  2000*C  and  2200*0.  Figure  B-A4  ahowa  that  generally  faster 
aroalon  rates  were  obtained  under  oxldlzer-rlch  conditions  than  with 
fual-rlch  conditions.  This  waa  expected  due  primarily  to  the  620*0  Increase 
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Plguraa  1-42.  Saaplaa  of  Lcw-^ViaC  Chaabar  Linar  Hatcrlala 
Uaed  Ic  TKW  Eaglce  Teata  (U) 


Soplcs  o(  Chaaber  Liner  KeterLele  Uied  In  Air  Force 
Teats  at  Edwards  Air  Force  Base  (II) 
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(U)  In  flaa*  tenpcr*tuz*«  On*  ooc^l*  exception  to  thla  ob**nr*tlon  v«* 
found  with  the  DC-93--1M  Mterlel. 

(U)  Tb*  ao*t  ■Igniflcant  result  from  this  test  series  w*s  eh*  excellent 
perfonsance  of  th*  filled  *111000*  coupounds.  The  weight  loss  for  both 
the  DC-93-104  *ad  DC-93-115  (a  low  flow  version  of  DC-93-104)  was  less 
than  the  weight  loss  for  the  KZ-2600  alllca-phenollc  naterlali 

(U)  Low  weight  losses  found  for  the  DC-93-104 /DC-93-11S  sasqilea  Indicate 
that  tha  aajor  products  of  high-tcaq>arature  reactions  era  nonvulstlls. 
Howawer,  tha  low  quantltlaa  of  volatiles  produced  serve  to  tharwilly 
Inaulata  the  saaples'  surface.  Ablation  teaparaturas  of  the  surface 
exposed  to  the  flana  wars  alallar  to  tha  other  aateriala  teetad  In  oxldlxar 
(1650*  to  1730*0  and  fualorlch  (1580*  to  1650*0  cnvlronaents .  Because 
of  the  aanplea*  low  erosion  rates  aud  th*  fact  that  polysUoxanes  letaln 
S4)M  strength  at  3900*C,  the  observed  good  results  for  these  eatarlals 
are  thought  to  be  causad  byt 

(1)  Tha  absenca  of  large  anounca  of  volatUa  products  froa 
andotheriBic  fillar  and  polyaer  Intarnctlona 

(2)  Inherent  stability  of  the  polyearic  binder  at  tha  test 
teaperature 

(U)  Figures  B-45  through  1-70  shows  tha  post-test  speciaans  of  the  seven 
prlaary  aaterlal  candidate*.  The  photograph*  ar*  soaawhat  decelv'  g  in 
that  the  aore  *rosion-real*tant  aaterial*  are  aost  unsightly  wh'  *  aoae 
of  Che  least  eroslon-rasiatant  aaterial*  appear  unauirkad.  Tbs  ifollowing 
observation*  of  two  of  th*  test  apeclaans  will  aid  In  avaluatlon  of  th* 
photographs. 

(0)  Tha  DC-93-104  saapl**  suffered  greater  erosion  daaaga  on  tha  outer 
surface  than  adjacent  to  Ch*  drilled  hola.  These  saaples  svellad  during 
the  test  which  caused  th*  iMla  dleaetar  to  shrink  and  tha  flaaa  to  epUl 
arouad  tha  outslda  of  th*  •aapl*.  DC-93-104,  a  rooa  taaparatura  curs 
(nv)  aaterial,  swelled  and  distorted.  A  white  coating,  asaiieed  to  be 
810-,  deposited  on  tha  giafles.  The  flaaa-iapsctad  surface  waa  fractured 
la  in  Irregular  pattern  as  If  thl*  reaction  relieved  Internal  strusea. 

(D)  Plastonlue  saeplss  wee*  deceptive  In  that  very  slight  dlaanslonal 
change*  wars  found  desplta  tha  high  erosion  losses.  Strain  cracks  were 
few  la  nunber,  but  deep.  Bacauae  these  cracks  appeared  fresh  and  not 
’’polished,”  It  appears  as  the  cracks  night  have  baan  fomed  dur¬ 

ing  the  post-test  cooling  period.  Of  the  sanpla*  tested,  rlaatoniua  had 
the  nost  obvious  hola  enlgrgansnt  which  conically  tapered  fron  the  flans 
laplnganant  surface.  Conpared  with  the  other  r  '.tarlala,  Plsatonlun  is 
structurally  weak.  Tha  sanpls*  ensrgtd  snow  wLita  with  flacks  of  black, 
indicating  high  voluass  of  filler  and  low  voluaas  cf  carbonaceous  phsnolic 
bindsr  wars  present,  s  condition  leading  to  a  weak  naterlal. 
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MX-2600  Oxldlier-Rlch  60-Secand 
Exposure  (U) 

Figure  B-^5 


Haven-Al  Oxldlrer-Rlch  60-Second 
Exposure  (U) 

Figure  B-A7 


MX-2600  Fuel-Rich  60-Second 
Exposure  (U) 

Figure  1*46 


:  .:.;%■•  •'A‘'-.vV‘‘?kV 


I  -W-J  1  -■■■';.  ;••■  I 


.  ••*«*••  ,'  xg  f'. 

■ 

Vvi'.  T 

- ^ — I  !>■  — ^  ^ 


Haveg-41  Fliel-Rlch  60-Second 
Exposure  (0) 

Figure  B-48 
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CE-223-SQ  Oxldixar-Rlch  60-Sacond  Expoaura  (U) 
Flgura  B-53 


GZ-223-30  fUal-Klch  60-SacoDd  Expoaura  (U) 
flgura  B-54 
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Ironaldes  Oxldlzer-Rich  60-Second 
Exposure  (U) 

Figure  fl-55 


Ironsides  Oxidlzer-Rlch  120-Second 
Exposure  (U) 

Figure  B-57 


Ironsides  Fuel-Rich  60-Second 
Exposure  (U) 

Figure  B-56 


Ironsides  Fuel-Rich  120-Second 
Exposure  (U) 

Figure  B-58 
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Ironsides  Oxidlzer-Rlch  300-Secand  Ironsides  Puel-Rlch  300-Second 
Exposure  (u)  Exposure  (U) 

Figure  B-59  Figure  B-60 


MXA-150  Oxldlier-Rich  60-Second  KX4-150  Fuel-Rich  60-Secoid 

Exposure  (u)  Exposure  (U) 

Figure  B-61 
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Figure  B-62 
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PlaiiCanluB  Oxldlzer-Rlch  60-Second  Plastonlum  Fuel-Rich  60-'Second 
Expoeure  (U)  Expoeure  (U) 

Figure  B-67  Figure  B-6B 


Plestonlun  Oxldlzer-Rlch  300-Second  Plaatonlum  Fuel-Rich  3liO-Second 
Expoaurc  (u)  Expoaure  (U) 

Figure  B-69 
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Figure  B-70 
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APPENDIX  C 

AKUTIVE  LINER  SIEING 


L.  INTRODDCriOH  AND  SIMIART 

(U)  Tb*  thr«*  ablaClv*  liner*  dealgnad  end  fabricated  In  Task  II  w«r« 
■laed  according  to  procadurea  given  in  th*  following  aactlona.  Tha  aa- 
tarial  thlckoaaaaa  vara  dataralnad  fur  a  250,000  lb{  thruat  (vacutai) 
angln  operating  at  300  paAa  with  th*  M20^/UDMH  propellant  coadilnatlon. 

Tha  b  <ic  data  uaad  in  airing  tha  linara  vaa  davaloped  in  tha  TRU  SyateHa 
aub-acala  Matarlala  Evaluation  Prograa.  Thle  data  waa  correlated  uaing 
th*  TRW  Syataaa  Charring  and  Ablation  Prograa  (A11054A)  which  uaea  th* 
aodel  of  Hunaon  and  Splndlar  to  detaraina  the  diaanalonal  ablation. 
Finally,  tb*  eroalon  correlation*  vara  uaad  to  alia  tha  250,000  Ib^  thrust 
(vacuus)  ablative  liners. 

2.  SUD-SCALl  RESULTS 

2.1  REOOVERT  TEMPERATURE 

(0)  Initial  aub-acela  teats,  which  were  aade  with  a  heat  link  chanbar, 
Indlcatad  that  the  1300  pound  thruster  operated  at  a  reenvary  tenparatura 
that  was  rapreeantativa  of  a  streaking  condition.  Initial  data  froa 
Mannsc  eurfac*  Chamocouplea  war*  reduced  using  tha  TRW  Beat  Flux  Data 
Analysis  Progroia  (HFDAP).  BFDAP  conputas  th*  hast  flux  frun  tha  product 
of  tha  thamal  conductivity  (k)  and  tha  tenparatura  gradient  at  tha  wall 
(dT/dr)  fron  tha  following  equation: 


wall 


Tha  tanparatur*  distribution  through  th*  wall  a*  a  fu-  ctlon  of  tin*  la 
obtalnad  fron  the  nuaarical  solution  of  the  themal  diffusion  aquation. 


pC  il  .  ■?—  (v  I)  J£. 

p  ae  ar  '  r^  r 


i£ 

ar 


(2) 


This  fom  of  tha  diffusion  equation  consldsra  radial  conduction  only.  Tha 
boundary  conditions  ar*  tb*  naasurad  vail  tenparatures. 

(0)  A  typical  suefaGe  tanparatur*  raspons*  at  tha  throat  la  shown  in 
Figure  C-1  and  tha  corraspcmdlng  bast  flux  la  shown  In  Figure  C-2.  Data 
froa  this  test  Indicated  a  throat  recovery  tenparatura  of  approxlnataly 
AS30*F.  This  tenparatura  was  used  In  the  subaaquant  ablation  correlations 
to  obtain  tha  affective  heats  of  ablation  of  each  of  tha  natarlals.  In 
addition  tha  eurfac*  was  aasuned  to  ablate  at  a  tenparatura  uf  approxlnataly 
3200*F.  Tha  hast  transfer  coefficients  were  dataminad  using  tha  slnpllflad 
Bartc  aquation. 
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Figure  C-2.  Heat  Flux  Va  Inuar  Wall  Teaparature (*F)  (U) 
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2.2  EBOSION  COmXJLiXON 
2.2.1  Modal 

(D)  Uaiag  tha  aroalon  and  haat  flux  data  from  tha  aub-acala  Matarlala 
Evaluatloa  Prograa,  corralationa  vara  aada  to  datarvlna  tha  affactlva 
aroaloa  charactarlatica  of  four  caodidata  aatarlala  for  tha  2S0K  thruaC 
chaabar.  Thaaa  corralationa  vara  ganaratad  using  tha  TSIf  Charring  and 
Ablation  Prograa  (ABOSAA)  vhlch  approxlaataa  tha  charring  phanoaanoa  by 
an  Arrhanlua  rata  aquation  of  tha  fora 


(3) 


vhara: 


6  ••  tlSM 

»  danalty  of  tha  dacoapoaabla  raaln 
T  ••  tsaparatura 

dtBiT  ••  Arrhanlua  rata  conatanta(daCcmlnad  axparlaantally) 

Tha  dlawoalonal  ablation  is  datarainad  by  ualng  tha  aroalon  nodal  of  Hunaon 
and  Splndlar  vfaara  tha  aroalon  rata  can  ba  apaclflad  by  an  analytical 
ralatlonahlp,  or  calculatad  from  tha  haat  balanca  on  tha  auxfaca  nodaa. 

Uhan  tha  aroalon  rata  la  apaclflad,  tha  rata  la  glvan  by 

S  -  H  +  UT%  *  (A) 

vhara: 

H  haat  of  aubllnatlon  or  reaction 
T  "  aurfaca  taaparatura 
0,V,T  ••  anplrlcal  aroalon  conatanta 

In  ganaral,  at  tha  baginning  of  haatlng,  tha  aurfaca  racaaalon  rata  la 
glran  by  aquation  2  aa  a  function  of  tha  aurfaca  tanparatura  T.  ‘  Upon 
raaeblng  aona  critical  tanparatura,  aucb  aa  tha  aubllnatlon  or  nalt  point, 
tha  aurfaca  la  than  held  at  a  cssstsst  tssparstura  t_  ••  long  aa  tha  haat 
Input  la  aufflclant  to  hold  It  at  tbla  taaf>aratura. 

(U)  For  a  thrust  chaabar  oparatlng  at  tha  high  haat  fluxaa  aaaoclatad  vlth 
chaabar  praaauraa  In  tha  ordar  of  300  pala,  tha  tranalant  haat-up  tlna  for 
tha  aurfaca  taaparatura  to  raach  tha  conatant  ablatlcn  taagiaratura  la 
ralatlvaly  abort.  For  run  tlnas  In  tha  ordar  of  100  aaconda,  tbla  tran- 
alant  aurfaca  taaparatura  tlna  la  aa  nagllglbla  fraction  nt  tha  total  bum 
tlna. 
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■V)  For  th«  raCa  of  heat  abaorbad  by  ablation  can  altbar  ba  approxlaatad 
by  a  conatant  aurfaca  aroslon  rata  froN  aquation  2)  wbara 

Y_ 

T 

S  •  U  -f  UT  a  »  Constant  at  T  (3) 

a  a  '  ' 

or  tha  aurfaca  aroslon  rata  can  ba  approxlnatad  by  aolvlns  !!><■  hast  balanca 
equation  at  tha  aurfaca  (Ivan  by 

-k  -  ^(aurfaca  hast  Input)  -  S)j  (6) 

whara: 

>  char  danalty 

-  afiLactlva  hast  of  ablation 

Tha  fiffectlvc  hast  of  ablation,  aasantlslly  lunps  chaalcsl,  thanaal 

and  nachanlcal  erosion  charactarlatica  Into  ona  paranatar  that  can  ba  uaad 
for  correlation  purpoaas  when  the  Individual  charactarlatica  ava  not  well 
known. 


2.2.2  Reaulta 

(U)  Tha  axperlnental  sub-acala  teats  parforaad  during  tha  Hatarlsl 
Evaluation  Frogran  utlllaad  tha  1.3K  thruatar  oparatsd  at  190  pals.  Tha 
geonetrlc  size  of  this  chanbar  and  tha  190  pala  chanbar  prasaura  has  bean 
shown  to  yield  a  ahaar  and  thsmal  anvlronaant  approzljaatlng  tha  anvlron- 
aants  of  tha  230,000  lb;  thrust  (vscuus)  angina.  Therafora,,  effective 
haste  of  ablation  can  ba  obtained  fro*  tha  axparlaantal  erosion  rate  and 
tha  chanbar  praaaura  decay  of  the  candidate  naterlals.  Figures  C-3  and  C-4 
show  the  head-end  chanbar  praaaura  dacay  and  tha  erosion  rate  for  tha  candi¬ 
date  naterlals. 

(U)  Tha  erosion  characteristics  of  the  candidate  natarlala  tested  In  tha 
aub-acala  Materials  Evaluation  Prograw  ware  correlated  using  equation  (6), 
tha  thamal  anvlronaant  fron  Figure  C-2  (4850*),  and  the  erosion  data  fron 
Flguraa  C-3  and  C-4.  These  correlations  are  shown  In  Figure  C-5.  Subse¬ 
quent  to  tha  sizing  of  tha  230,000  Ibf  thrust  (vacuus)  chanbar  llnars,  tha 
surface  tanparaturaa  of  tha  candidate  sstarlsla  were  axparlaentally  datar- 
nlnad.  Tha  affective  heats  of  ablation  ahown  In  tha  Table  of  Figure  C-5 
are  thoae  vsluea  corresponding  to  tha  axparlaentally  datanlnad  surface 
tanperaturea.  Tha  use  of  320O*F  to  obtain  the  calculated  curves  In  Figure 
C-S  Introduced  little  or  no  error  In  tha  correlations  alnca  mxIbus  aurfaca 
taaparature  deviation  represents  negligible  difference  In  heat  up  tlaa. 

3.  Limt  SIZIMC 

(U>  Tha  prlnary  criteria  used  to  also  tha  250,000  Ib^  thrust  ablative 
llnara  was  a  Halting  value  of  600*F  on  the  chanbar  back-wall  after  120 
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Flgiira  C-3.  Haasurwi  Hud-End  Chaabcr  Prnuuxa  Dncay 

lataa  for  Boat  Porforwlnc  Ablotlvo  Matorlala  (U) 


TIME  ARER  FIHE  SWITCH  ~  SECONDS 


Vifuro  C-4.  lutwCanaous  Thrut  Broaloa  Rato  for 

four  But  Porforaliit  Ablatlva  Matarlals  (U) 
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imam  HtA*  o#  auation 
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UJVACI  TIMftlAlUatr') 

MX -MOO 

7400 

IMO 

PC-W-IW 

IMO 

IMO 

HAVlC-4t 

1000 

mo 
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IIM 

Flgurt  C-5.  Tharmal  Kodallng  of  Erosion  Chsrsctsristlcs  of  Four 
Csndidscs  Lov-Coat  Ablatlva  Linar  Matarlnla  (U) 

(U)  saconda  firing  duration.  Using  tha  Charring  and  Ablation  Frogrant  and 
input  data  datamlned  In  Sactlon  2,  tha  llnar  thlcknessaa  vara  calculatad 
for  thraa  aatarlala.  Tha  rcqulrad  thlcknesaao  ara  shown  In  Flgura  C-6  as 
a  function  of  tha  Intai-nal  radius.  Tha  dasbad  liua  ahovs  tha  llnar  thlck- 
nsss  raquired  for  eroalon  whlla  tha  aolid  lino  shows  tha  thlcknaoa  roquirad 
to  linit  tha  backwall  teaparaturo  to  600*F. 

(U)  Tha  tast  of  the  sub-scala  KX-2600  Mtarial  had  not  baan  ccnplatad  at 
tha  time  of  tha  siting  of  tha  ablatlva  llnars.  Thoraforo,  tba  raqulrad 
thickness  vaa  asauaad  to  be  equal  to  tha  DC93-104  natarlal  thickness.  Sub- 
saquant  tasting  of  tho  KX-2600  aanpla  Indicated  its  auparlorltp  to  tha 
DC93-104  natarlal.  I Igura  C-5  ahovs  tha  corralatlon  obtalnad  with  tha 
ia-2600  natariai.  Tmt  throat  loascte  of  ths  rvo  linsrs  ssplsplsg  KX-26QO 
vara  cot  raaliad  and  thatafora  have  an  additional  aargln  of  aafaty. 
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250  K  LBp  THRUST  ENGINE  INTERNAL  RADIUS  ~  INCHES 

Tigura  C-a.  250,000  Lbf  Long-Ouratlcn  ThruaC  Chaafcer  Ablative  Linar 
Thlcbncaa  for  Single  120-Second  Cocclcuous  Bum  (Gae 
Recovery  Teaperature  •  4850*?)  (U) 


lll9»-«007-»8-00 
fat*  D-1 
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APTEHDIZ  D 
COST  AHALTSIS 


1.  ABUnVB  LZNKBS'FBELZKZBAILT  DESIGNS 

(0)  Thr««  ablatlirc  thruat  chaabar  llaara  wara  daal|nad  baaad  oa  tha 
ablative  pacforaaaca  data  obtained  in  the  TRW  Syateaa  IRSD  aub-acale 
aatarlal  evaluation  program.  Thane  dealgna  were  baaad  on  tha  four  beat 
parforalns  aetarlala: 

102600  -  Silica  >  phenolic 
DC-93-104  -  ruled  Silicone  Rubber 
Baveg  41  -  Aabaatoa  -  phenolic 
GI  223-SO  -  Silica  -  epoxy  novalac 

Tha  tl.rae  prellmlnaiy  dealgna  era  auMaarixad  aa  follownt 

1.1  OOmCURATZON  MO.  1  (X404361) 

Co)  Thla  configuration  waa  deeigned  to  provide  a  baaallna  ablative  llnar 
agalnaC  which  tha  othara  could  be  conparad.  Tha  throat  aactlon  waa  KX-2600, 
tape-wrapped  at  60*  to  centerline,  wfaUe  tha  exit  cone  waa  MZ-2600  in  a 
roaatta  pattern  "lay-up."  The  chanbar-done  aactlon  waa  a  hand  "lay-up"  of 
MZ-2600  orange-peel  aectlona  parallel  to  tha  chanber  axla  In  the  cylindri¬ 
cal  aactlon. 

1.2  COaiGOUnOH  no.  2  (X404362) 

(U)  Ttala  configuration  vaa  deaignad  aa  an  all  DC-93-104  alllcona  rubber 
liner,  caat-ln-placa  and  cured  at  toon  teaperature  and  unblent  preaaure. 

1.3  OOKPIGUIATZON  HO.  3  (X404363) 

(0)  Tha  third  liner  waa  daalgned  aa  a  co«e>oalto  atructure  enploylng  a  tape- 
wrapped  MX-2600  ailica-phenolic  throat  inaert.  identical  to  that  of  configu¬ 
ration  nunbar  1,  with  althar  Havag  41  or  CZ-223-50  in  both  chanber  auction 
and  exit  coae-aectlon. 

(D)  Requeat  for  quotatlona  (RTQ'u)  were  aoliclted  fron  the  fabrlcatora 
llatod  in  Table  1.  Tha  work  atateaant  in  tha  RFQ'a  provldad  for  alteroata 
fabrication  teclmiquae  or  eubatltutlon  of  cosparahle  satarlala  which  wotsld 
reanlt  in  lower  "in-place"  coata  but  would  not  reduca  the  quality  of  the 
ablative  liner.  A  total  of  38  quotatlona  were  received  on  tha  three 
conflguratlona.  Thaaa  included  quotae  for  altamate  fabrication  tachnlquea. 
natarlala  and  varioua  optlona.  A  najorlty  of  tha  alternate  fabrication 
techniquaa  propoaed  raflaetad  tha  fabrlcatora  facility  capabUity  and  did 
not  result  in  algnlficant  coat  savings. 
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Table  1.  Fabrlcatora  Solicited  for  Ablative  Llner-Fabrlcatlon  (U) 


Coapoelte  T<>chnolog7  Inc. 

Edier  Induatrlca  Inc. 

EMCCO  Plaatlca 
HITCO 

Haveg  loduatrlea,  Inc. 

General  Electric  Conpany 
Badbar  Dlvlalon  of  Purolator  Inc. 
Thanal  Syatena  Inc. 

San  Rafael  Plaatlca  Conpany 
Inaulatlon  Syateaa  Inc. 

McDonnell  Douglaa  Corpora cion 


Van  Muye,  California 
Newport  Beach,  California 
Palndale,  California 
Gardena,  California 
Santa  Fa  Springe,  California 
Philadelphia,  Pennaylvanla 
Alhanbra,  California 
St.  Louie,  Miaeourl 
San  Kafael,  California 
Santa  Ana,  California 
Santa  Monica,  California 


(U)  Baaed  on  the  fixed-price  quotca  obtained  on  the  prellnlnary  dealgna  and 
teat  rcBulta  obtained  In  the  AFRPL  "in-houee”  mater lain  evaluation  program 
(Mlnlonua  Coat  Dealgn  (MCO)  Material  Screening  Project  305803XIU))  additional 
quotationa  were  aoliclted  on  the  following  mater lala. 


HcDormall-Douglaa 

J-M  Tharm«l  Hlx  770 

Plutonium  B 

CE-250-50 

CE-227-50 

GE-PD-715H 

KXA-ISO 

DP5-151 


-  Segunted  Slllca-Fhenoli.c 

-  Slllca-Aabeatoa-Phenolic 

-  Gypeum  -  Phenolic  Microballoou 

-  Slllca-Epoxy  Hove lac 
*■  Slllca-Ipoxy  Hovalac 

-  Aabeatoa-Epoxy  Movalac 

-  Aebeatoa-Phenollc 

-  Silica-Phenolic 


(U)  A  aueoary  of  the  coat  data  obtained  for  all  the  candidate  materlala  la 
preaented  In  Table  II.  The  coate  are  the  reault  of  a  number  of  fabrlcatora' 
bida  on  cowmou  Iteau  with  the  aelected  coat  being  baaed  on  the  fabricator* a 
bid  and  reputation  for  delivery  of  a  quality  part.  All  coate  ware  normal¬ 
ised  to  Che  HXA-130/ME-2b00/HXA-lS0  (alternate  configuration  three)  value, 
alnce  thle  la  the  moat  coat  effective  ablative  chamber  liner.  The  range  of 
Che  quoted  prlcu  for  the  MX-2600  liner  (configuration  one)  wu  ^  50  percent 
of  the  median  quoted  pries  (feur  quotationa) ,  The  range  of  the  quoted  prlcea 
for  the  DC-93-10A  liner  wan  *  io  porcent  of  Che  median  quoted  price  (four 
quotationa) ,  The  ranking  of  Che  12  candidate  ablative  liner  aaacmbllec  le 
Che  eame  for  coate  with  an  without  tooling  except  for  Iceaa  7  and  8.  Item  7 
requirea  high  prcaaure  molding  cooling  while  Item  8  required  e  minimum  of 
accountable  tooling.  The  three  moat  coat  effective  ablative  chnber  Ilur 
aasembliae  at i  Iceam  6,  1,  end  3,  In  chat  order. 

(U)  Item  6  la  tha  compoalta  KXA-lSO/KE-2600  (alcemato  configuration  thraa) 
ablative  liner.  Tha  mein  coat  eaving  for  thla  liner  la  In  Che  low  material 
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(C)  costs  (  $2.00/lbH)  Of  tho  aoldlng  compound,  plus  its  rslstlvs  ssss 

of  Isbricstlon.  Ths  ascood  most  cost  affsctive  chsabsr  llnsr  is  itaa  1. 

This  is  ths  all  KX-2600  coofiguxstloa  ons  ablatlvs  llnsr.  The  ■aterlsl 
cost  (~$6.00/lfan)  is  hlghst  than  that  of  MZA-150;  hoMavcr,  less  MX-Z600 
aaterlal  Is  required  and  It  was  tha  aost  popular  naterial  evaluated.  The 
contingency  factor  for  fabricating  a  quality  part  of  KS-lbOO  is  probably 
less  than  for  tha  remainder  of  natarlala.  Tha  third  most  cost  affectiva 
chamber  la  Item  3  which  la  the  all  DC-93-104  configuration  two  ablative 
llnsr.  TUa  raw  material  cost  Is  approximately  $9.00  per  pound  and  will  bo 
reduced  aa  tha  material  faacomaa  toora  popular  throughout  Industry.  It  abows 
good  potential  of  being  teducsd  to  aa  low  as  $S.OO  per  pound.  The  cost 
savings  for  this  liner  la  In  tha  low  fabrication  coats.  It  does  not  require 
either  high  teeparature  or  pressure  for  curing,  nor  does  it  raquiro  second¬ 
ary  bonding  to  tha  pressure  vessel.  It  la  an  alastonarlc  material  with  a 
sufficiently  high  elongation  rata  to  withstand  dimensional  changes  In  the 
pressure  shell. 

Table  II.  Subecala  ChsMber  Liner  Hatarlals  Evaluation  Program  Cost 
Effactlvonnss  tanking  of  all  Candidate  Llnera  (U) 


Item 

Chamber 

Ablative  Material 

Hormallsed 

Unit  Coats 
for  Quantities 
of  Ten 

With  Without 

JJJL. 

Cooftauratlon 

ataiibgr 

Itoak 

exit  Cone 

Toollna 

Toolins 

1 

1 

MX-2600 

MX-2600 

MX-2600 

1.61 

1.54 

2 

1 

Hem 

McDD 

McOO 

3.59 

3.37 

3 

2 

DC-93-104 

DC-93-104 

DC  93-104 

1.64 

1.62 

4 

3 

HAVEC-41 

KX-2600 

HAVEC-41 

1.97* 

1.91* 

5 

3 

GI-223-50 

HX-2600 

GX-223-30 

2.39 

2.12 

6 

3 

MU-ISO 

KX-2600 

MXA-150 

1.10 

1.00 

7 

3 

TH-770 

MX-2600 

TH-770 

1.92 

1.73 

B 

3 

FLST.  8 

MX-2600 

PLST.  8 

1.82 

1.74 

9 

3 

CE-2S0-50 

MX-2600 

C8-230-30 

2.36 

2.12 

10 

3 

Ct-227-SO 

KX-2600 

CE-227-50 

2.12 

1.88 

11 

3 

Cg-P071SR 

KX-2600 

CE-PD713H 

2.57 

2.32 

12 

3 

OPS-160 

HX-2600 

DP3-160 

Ho  data 

Ho  data 

*  Estimate  based  on  first  unit  costs 


2.  ABLATIVE  LIBERS  -  PABUCATKD  DESICBS 

(U)  Baaed  on  the  results  of  the  TXU  Systems  IBAD  Materials  Evaluation 
Program,  the  APIPL  "In-housa”  materials  program,  and  the  Task  I  test  re¬ 
sults  tha  preliminary  dealgna  were  flnallaed  as  follows: 
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Table  III.  Task  11  Hardware  Acquisition  Costs*  (U) 


(1) 

Number  of  Units 
(3) 

(10) 

X404361  Ablative  Liner 
(iaA-lSO/HX-2600/HZ-2600) 

14,273 

14,053 

13,832 

X404362  Ablative  Liner 
(DC-93-104) 

14,946 

14,305 

13,282 

X404363  Ablative  Liner 
(DFS-161/KX-260a/MXA-lS0) 

15,575 

15,119 

14,215 

*  The  hardware  acquisition  coata 

do  not  Include  tooling  coata. 

Table  IV.  Task  II  Ablative  Liner  Tooling  Coats  (U) 

XA04361  Ablative  Liner  $9107 

(KXA-1S0/KIC-2600/KX-2600) 

X40A362  Ablative  Liner  Mon* 

<DC-93-104) 

XA04363  Ablative  Linar  $4485 

(DP5-161/MX-2600/HXA-150) 


Table  V.  Cost-Effectiveness  Ranking  of  Three  Ablative  Linars  (U) 

Ablative  Material  Konullxed  Unit  Costs  (10) 


Conllauratlon 

Chamber 

Throat 

-gpnf 

Without  Tooling 

With  Tooling 

1 

MXA-150* 

KZ-2600 

MX-2600 

1.04 

1.73 

2 

DC-9 3- 104 

DC-93-104 

DC-93-104 

1.00 

1.00 

3 

DP5-161 

KX-2600 

KXA-ISO** 

1.07 

1.41 

Mote:  a.  Layed-up  broadgoods 

b.  Molded  aegaents 
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Tabla  VI.  VoluM  and  Vaights  of  Fabricated  Lluers  (U) 


Liner 

Confleurarion 

3 

Volume, in 

2 

Surface. ft 

Denaltv.lb/in^ 

Ueleht . lbs 

X404 361-1 

Chamber 

HXA-150 

10183 

36.8 

.0542 

551.92 

Throat 

MX-2600 

2928 

12.4 

.0616 

180.50 

Exit  Cone 
MX-2600 

4650 

1 

41.0 

.0600 

279.00 

Total 

1011.42 

X404362-1 

Chamber 

DC-93-104 

4392 

37.9 

.0524 

230.14 

Throat 

DC-93-104 

2928 

f 

.0524 

153.41 

Exit  Cone 
DC-93-104 

4650 

4 

41.0 

.0524 

243.66 

Total 

627.21 

X404363-1 

Chamber 

DP5-161 

10183 

36.8 

.0499 

508.13 

Throat 

MX-2600 

2928 

12.4 

.0627 

183.50 

Exit  Cone 
HXA-150 

7800 

41.0 

.0560 

^36.80 

Total  112B.AJ 


.3.1  MATERIAL  COSTS 

(U)  The  coat  of  the  base  uterlal  in  the  three  ablative  llcera  ranged  fron 
47-50  percent  of  the  total  coat  to  71.5  percent  of  the  total  coat.  Tha  DC- 
93-104  alllcone  rubber  chamber  liner  had  the  hlgheat  material  '  oat  percent¬ 
age  (71.5)  of  tha  three  chambera  which  la  attributed  to  tha  limited  pro¬ 
duction  of  tha  OC-93-104  material.  Tha  other  three  matarlala  uaad  In  tha 
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(U)  fabrication  of  the  three  chaabera  were  (1)  MX-2600  aillca-pheoollc  (2)  KXA- 
150  asbeetoe-phenollc  and  (3)  DP5-161  silica-phenolic.  The  MXA-150  asbeatoe- 
phenolic  was  used  In  both  the  broadgoods  and  molding  compound  forms.  The 
cost  of  the  molding  compound  being  approximately  60  percent  of  the  cost  of 
the  broadgoods.  DP5-161  is  an  acid-catalyzed  condensation  product  of 
formaldehyde  (para)  and  a  phenol  (resorcinal)  with  a  silica  fiber/slllca 
flour  filler.  As  such  it  can  be  compared  to  the  silica-phenolic  broadgoods 
in  the  same  manner  that  the  molding  compound  (MXA-150)  is  compared  to  the 
MZA-150  broadgoods.  The  DP5-lSi  with  less  filler  than  the  KX-2600  cost 
approximately  50  percent  of  the  coat  of  the  MX-2600  broadgoods. 

(U)  Of  the  four  aiaterlals  used  in  the  fabricstlon  only  the  DC-93-104 
■oaterial  offers  the  potential  of  any  significant  coat  reduction  when  the 
material  usace  becomes  sufficient  to  warrant  higher  production.  The  pro¬ 
jected  price  of  DC-93-104  for  l.-^rge-acale  production  (''-100,000  Ibs/yr)  la 
$5. 00/lb.  None  cf  the  three  oti.er  maceriala  offer  cost  reductions  approach¬ 
ing  Che  reduction  projected  for  DC-93-104. 

3.2  FABRICATION  COSTS 

(U)  For  similar  fabrication  methods,  casting  of  the  chasiber  aectiona,  the 
labor  coat  for  both  the  DC-93-104  and  DPS- 161  bie  approximately  Che  aamc; 
the  material  cost  per  pound  differs  by  a  factor  slightly  greater  than  3. 
However,  this  material  cost  difference  is  nearly  made  up  by  Che  difference 
of  2,5  In  Che  quantity  of  material  required.  Using  projected  prices  Che 
DC-93-104  chamber  liner  is  more  cost-effective  than  the  DP5-161  chamber 
liner  und  approximately  the  same  aa  the  layed-up  MXA-ISO  broadgoods. 

(U)  EvalusClon  of  the  same  materlsl  (MX  '  '  fabricated  from  two  different 
forms  for  two  different  liner  aecClons  wa.  made.  The  amount  of  material 

used  and  surface  area  covered  nre  approximately  the  same.  The  exit  cone 
ualng  the  molding  compound  Is  more  costly  than  the  layed-up  broadgoods  cham¬ 
ber  section  even  chough  the  material  cost  per  pound  is  only  60  percent  that 
of  the  broadgoods.  The  difference  in  cost  comes  from  Che  time  consuming 
method  of  molding  segments  in  addition  to  the  necessity  for  secondarily 
bonding  Che  segments  into  Che  chamber. 

<U)  A  paradox  exists  in  Chat  the  molded,  segmented  MXA-150  exit-cone  is 
more  cost  effective  than  either  the  DC-93-104  or  MX-2600  exit  cone  secCiona 
at  Che  250,000  Ib^  thrust  level  size.  However,  using  Che  projected  price 
for  Che  DC-93-104,  the  siosc  ccst-effective  exit-cone  is  the  silicone  rubber 
liner.  The  OC-93-104  throat  section  is  twice  as  cost-effective  as  the  HX- 
2600  tape-wrapped  throat  section  when  the  projected  price  of  DC-93-104  is 
used  to  calculate  Che  cost  of  the  component. 

4.  AGQIJISTtioji  COSTS-PRESSU&E  SHELLS 

(U)  Three  pressure  shells  were  fabricated  to  contain  the  three  ablative 
liners.  The  design  was  slmller  to  the  hest-slnlc  combustion  chamber 
(X403646)  design  which  was  used  in  Che  Task  I  program.  Two  major  changes 
were  made  in  Che  design  of  the  pressure  shell;  (1)  the  body  was  split  into 
two  accClona  with  flanges  to  allow  insertion  of  the  tape-wrapped  MX-2600 
throat  and  (2)  the  thlckneas  of  the  exit  cone  shell  was  decreased  to  0.25 
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(U)  inches  froa  0*50  Inches.  In  addition  to  these  changes  a  stiffening 
ring  vea  added  to  Che  exit  cone. 

(U)  Three  preaauce  sheila  of  slightly  varying  configuration  were  fabricated 
from  USS  T-l  steel  alloy.  The  slight  variations  were  aade  Co  <illov  use  of 
the  shell  as  an  autoclave  during  curing  and  to  allow  use  of  a  thicker  abla¬ 
tive  section  in  the  X404363  exit  cone. 

(U)  Request  for  quotacionj  (RFQ'e)  were  solicited  from  the  fabricators 
listed  In  Table  VII.  The  work  statenent  required  100  percent  X-ray  of  all 
butt  welds  and  dye  penetrant  Inspection  of  all  fillet  welds.  All  weldlag 
and  certification  of  welds  was  perforaed  in  accordance  with  the  applicable 
ASHE  boiler  and  pressure  vessel  codee.  Responses  to  the  RFQ  were  received 
froa  four  fabricators.  The  range  of  the  quoted  prices  for  three  pressure 
•hells  was  _  35  percent  of  Che  nedian  quoted  price.  Based  on  these  quotations 
Grano  Steel  Co.  was  selected  to  fabricate  Che  pressure  shells^ 

Table  VII.  Pabrlcatora  Solicited  for  Pressure  Shell  Febricstion  (U) 


J.  C.  Fabricstore 
Capital  Westward,  Inc. 

L.  W<  LePort  Co. 

Lot  Angeles  Boiler  Works,  Inc. 
SWCCO,  Inc. 

Aaerlcsn  Bridge  Dlv.,  USS 
Grano  Steel  Corporation 
Aircraft  Engineering  Corporation 


Gardena,  California 
Paraiaount,  California 
Anaheim,  Californls 
Los  Angclee,  Californls 
Los  Angeles,  Californls 
Los  Angeles,  California 
Los  Angeles,  California 
Paramount,  California 


(U)  Acquisition  costs  for  the  three  pressure  shells  sre  shown  in  Table 
VIII.  These  costs  Include  TRW  Systems  msterisl  handling  and  CAA  charges, 
but  do  not  include  fee.  There  were  no  tooling  charges  for  any  of  the 
pressure  shells.  As  noted  In  Table  VIII,  the  cost  of  the  -21  pressuiji 
shell  is  slightly  greater  than  the  coat  of  either  the  -1  or  -2  pressure 
shell.  This  results  from  the  48,  21/32  inch  dlsmeter  drilled  holes  put  in 
the  stiffening  ring  Co  allow  closure  of  the  exit  cone  for  curing  the 
X404361  liner  components.  This  $90  cost  should  be  charged  against  the 
tooling  costs  for  the  X404361  ablative  liner.  The  costs  given  in  Table 
VIII  represent  a  90-95  percent  learning  curve  on  labor  Indicating  chat  the 
fabrlcstlon  technique  is  well  defined  and  docs  in  fact  represent  cosMeccis! 
("low-cost”)  fabrication  practices.  Based  on  a  dry  weight  of  1840  lbs  sad 
the  unit  price  for  quantities  of  10  Che  cost  per  lb  figure  is  spproxlMscely 
$2.00/lb. 


Table  VIII.  Pressure  Shell  Acquisition  Costs  (U) 


Number  of  Units 

(1) 

(3) 

(10) 

X404342-1/X404342-2 

$6637 

$6173 

$5733 

X404342-21 

6727 

6247 

5805 
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5.  PROJECTED  COSTS  -  3000K  ABLATIVE  CHAMBER  LINERS 

(U)  Coat  eatlaatea  have  been  made  for  ablative  chaaiber  llnera  at  the 
3000K  thrust  level.  Theae  estiaates  were  made  on  the  baala  of  the 
250^000  Ibf  thrust  level  dealgna  and  projected  material  coats.  All  of 
the  methods  used  in  fabricating  the  250,000  Ibf  thrust  chamber  liners 
appear  applicable  for  the  larger  diameter  chambers.  Tape-wrapping  of  very 
large  ccaponenta  has  been  used  in  fabricating  nozzles  for  the  solid  motor 
programs.  Casting  appears  to  be  entirely  feasible  for  the  large  sizes 
although  some  specialized  mixing  equipment  will  be  required  since  mixing 
appears  to  be  the  limiting  factor  in  the  use  of  caatable  materials.  The 
lay-up  of  broadgoods  and  cure  tnsltu  at  low  pressure  using  the  pressure 
shall  as  the  autoclave  also  appears  to  be  praitical. 

(U)  The  cost  estimates  for  the  3000K  liners  are  baaed  on  ablative  thi  k- 
nessea  used  in  the  250,000  Ibf  long  duration  liners  and  as  such  represent 
a  somewhat  conservative  design  for  the  120  second  design  firing  duration. 

The  following  table  gives  weights  and  cost;;  for  two  ablative  lined  chambers. 
One  chamber  liner  is  cast  from  DC-93-104  filled  silicone  rubber  while  the 
second  ia  fabricated  from  MX-2600.  The  throat  is  aaaumed  to  be  tape  wrap¬ 
ped  at  a  apeclflc  orientation  to  the  centerline,  while  the  chamber  and  exit 
cone  are  layed-up  broadgoods  material. 


Table  XX.  Estimated  Weights  and  Costs  for  3000K  Ablative  Liners 


DC-93-104 

MX-2600 

Dome/Charnber,  lbs 

2045 

2440 

Throat,  Iba 

1695 

2020 

Exit  Cone,  Iba 

4610 

5500 

Total  Weight 

8350 

9960 

Material  Coat 

$70,017 

$85,305 

Delivered  Cost  $146,000  $171,500 


The  costs  quoted  above  do  not  Include  any  tooling  or  apcclal  handling 
equipment  for  theae  very  large  chamber a. 
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AFPZHDIX  I 

DAXA.  UXUCTIOM  PRCCZDORES 


1.  GEHSSAL 

(0)  Th«  teat  rtuulta  praaaatad  haraln  ara  darlvad  frtm  coaputar  printout 
data  fumlahad  TKIf  Syataaa  by  tha  AFKPL.  Canaral  parforaaaca  data  Hat- 
Injia  for  flrlnga  103  through  111  and  117  vara  raducad  ualag  ataadard  data 
raduction  procoduraa.  Datal.la  of  tha  coaputatlonal  procadoraa  and  of  the 
applied  correctlona  ara  given  In  tha  following  aactlona. 

2.  DELXVmD  SPECIFIC  IMPULSE  AMS  THSDST  COEmCXEHT 

(U)  Tha  aaaBurad  apaclfic  Inpulaa  la  daflnad  by  the  following  aquation 

I  (aaaa)  -  (1) 

•P  u 


whara: 


P  (aaea)  ••  FIA  +  fliflt  output  of  dual  brldga  load  call,  Ib^ 

«  total  propallant  flow  rata,  Ib^/aac 

(U)  Tha  Chruat  coafflclant  la  a  Maaura  of  tha  noiala  parfomanca  and  la 
given  by 


where: 


(aaaa) 


.L-faffjI 

P.  A. 


(2) 


■  throat  atagnatlon  praaaura,  pale 

2 

A^  -  naaaurad  gaowatrlc  throat  area,  in 

(U)  Taa  throat  atagnatlon  praaaura  waa  obtained  by  two  aatboda.  Tha  flrat 
■ethod  corracted  tba  average  of  tha  two  injector  and  preaauca  naaauraaenta 
to  atagnatlon  prcaaura  at  tha  throat  ualng  Plgura  E-1  (Raf.  1).  Thla  natbod 
aaauaaa  that  the  gaa  velocity  acroaa  tha  injector  and  praaaura  tape  la  aero 
and,  thersfsrs,  wars  rsading  head  etagnatipn  praaaura.  Tha  correction 
aaaueaa  no  coaiteatlon  in  tha  noaala  and  laantroplc  flow  In  tha  noaala. 

(U)  Tha  aacond  aathod  used  the  naaeurad  atatlc  praaaura  at  tha  atart  of 
tha  noiala  convergaut  section  which  is  converted  to  stagnatiou  praaaura  at 
tha  throat  by  asauaing  no  conbustlon  lu  tha  nocsla  and  iaentroplc  flow  in 
tha  noiala.  Tha  uss  of  tha  aacond  nathod  raaulta  in  higher  noiala  stagna¬ 
tion  prassuras  than  would  bo  coeputad  by  tha  first  nathad.  This  result  is 
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(U)  du«  to  .  wuured  prea.ur.  Iom  b«tv«ui  injector  anil  nocsle  eatxaaee 
vhich  le  lower  then  that  predicted  using  Figure  E-1. 

2.1  SPECIFIC  IHPtrLSE  AMD  NOZZLE  EFFICIENCY 

(D)  The  theoretical  I,p  and  C*  (characteristic  velocity)  data  for  the 
preasure  range  of  200  pale  to  300  pale  and  covering  mixture  ratios  (0/T) 
of  1.60  to  3.20  were  curve-fit  and  used  in  equation  form  to  compute  the 
theoretical  and  C*.  The  equations  for  the  theoretical  values  are  given 

by 

I  -  (P  “  13.2. c  -  A.O)  -  120.6491  +  379.7692i/ir  -  l24.4563iJ 
sp  4  ”  n 

0.463773  P  -  0.00061575  P  ^  +  0.0017556  P  /u  (3) 
o  o  o 

and  C*  (tneo)  -  1496.4296  *  5638.68494'  -  2072. 9S9u  -  0.21772  P 

o 

-  0.0003875  P  ^  +  0.379418  P  4  (4) 

o  o 


where 


V 


•  .  ♦ 

w  /w 

c 


t 


(U)  The  apeclflc  Impulse  efficiency  la  computed  as  followa 


(mesa) 


(5) 


The  hardware  used  in  Task  II  had  an  expansion  ratio  (A^/A.)  of  4.0  and  the 
nosiinal  ambient  presaure  at  Che  High  Thrust  Facility  (l-So)  was  13.2  pela. 


(U)  The  noaale  efficiency  was  deceimlned  using  the  following  equation 


r  (mess) 

"’ey  "  P^  A^  Cj,  (theo) 


(6) 


The  CheorsClcal  Cp  is  computed  using  Equations  (3)  and  (4)  as  followa 


Cp  (theo) 


I 


<P. 


-  13.2,  -  4.0)  g 

C»  (thee) 


(7) 


2.2  EXPECTED  NOZZLE  EmCIENCT 

(0)  The  expected  for  Che  4/1  expansion  ratio,  15*  half-angle  conical 
oosxle  was  0.980.  Theoretical  calculations  ware  mode  for  the  various 
loesee  (kinetic,  divergence  and  friction)  in  the  4/1,  IS*  half-angle  conical 
noasla.  These  conpucaclons  indicate  a  nosala  efficiency  of  0.980  at  a  mix¬ 
ture  ratio  (0/T)  of  2.60.  Theoretical  calculations  for  mixture  ratios  of 
0.5  to  10.0  show  less  Chan  0.3  percent  variation  In  the  theoretical  thrust 
coefficient. 
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3.  MEASURED  CHARACTERISTIC  VELOCITT  RTPICIEnCT 

(U)  Tha  characCeriatlc  velocity  (C*)  waa  calculated  aa  follows: 

^  K  I 
_  o _ t* 


Tha  characterlatic  velocity  waa  coBputed  for  Pq  calculated  froa  tha  average 
of  Pc-l/Pc-2  and  also  for  P^  detenained  fron  the  Pc-5  (See  Figure  E-2) 
static  pressure  ■eaaureaent.  On  the  ablative  lined  chaaber  firings  only 
the  Injector  end  pressure  iseaaureaenta  arc  available. 

Pq  \  g 

"C*  “  W  C*  (theo) 

where  the  theoretical  C*  is  detemined  froa  Equation  (4). 

(U)  The  flow  rates  used  in  both  the  aeaeured  I^n  and  C*  equations  ware 
obtained  froa  single  turbine  flowowters  using  water  flow  calibrations. 
Propellant  tcaperatures  were  iteasured  in  tne  propellant  tanka,  l.^aea  lad 
at  the  injector.  Densities  for  both  propellants  were  computed  froa  AFRFL 
derived  equations  given  aa  Equations  (10)  and  (11). 


Pj  -  51.777139  -  0.0350405  (T^) 


-  95,8447  -  0.078033  (T  ) 
o  o 


4.  INJgCTIOM  PARAMETERS 

(U)  The  injector  and  system  flow  conductances  ware  deteralned  using  the 
following  general  equation 


q  m  volumetric  flow  race  (general  data  ’Istlng),  ft^/sec 
P  "  propellant  density,  Iba/fc^ 
dP  ■  maasured  pressure  loos,  pal 

(0)  The  fuel  injection  pressure  lose  was  asasured  betvaen  the  entrance  to 
the  orifice  (PIF-1)  and  the  injector  end  chauber  praaoura  (PC-l/PC-2) 
average.  Tha  oxidlser  injection  preseura  loan  was  asasured  between  PIO-1 
and  the  Injector  wd  chamber  preseura  (PC-l/PC-2)  average.  The  fuel  and 
oxidlser  orifico  discharge  coafflciants  are  datemined  as  follows: 
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5.  THIOAX  EKOSlOK  RATE 


(U)  It  la  daaired  to  obtain  an  aatlnat*  of  th*  rata  of  changa  of  tb*  ■can 
throat  radlua  aa  a  function  of  tima.  dua  to  ablation  and  croaion,  tbarmal 
axpanaion,  and  other  tharaal  atechaniana.  Th*  naan  throat  radiua  la  dafinad 
aa  r  In  th*  following  equation* 


r  ,  ^  -  P  A.  C_  ,  . 

(vac)  o  t  f  (vac) 


(15) 


A 


t 


2 

■  *r 


(16) 


where  F 


(vac) 


-  F 


saaured  ^amb 


and  A  is  th*  nozxle  area. 


(U)  It  la  aaauned  that  F  (vac)  and  r  ara  both  tin*  varying  function*  and 
that  Cf  (vac)  la  a  tin*  varying  function  which  varlaa  only  a  anall  anount 
fron  aona  known  reference  point*  ao  chat  Ita  cffecta  nay  be  lineariied. 

Tha  approach  io  to  conpute  r  dr/dt  aa  a  function  of  tb*  noaal*  atagnatloa 
praaaura,  tha  vacuun  thruat,  and  chair  derivative*. 


(U)  Tha  differanCiaClon  of  (iS)  'nd  the  back-aubstltutlon  of  confuted 
fron  (l6)i  give* 


Jl 

? 

o 


1  It  -  _I 

F  ■  r  Cy 


(17) 


Equation  (17)  nay  then  b*  aolved  for  r 


(18) 


It  la  aaauned  that  Cf  (vac)  la  explicitly  dependant  on  axpanaion  ratio 
and  noixl*  atagnatlon  praaaura;  chan  la  given  by 


C,  (c  , 

F  u’ 


8C_  3C_ 

— E  7  +  — E  I 
ap  o  3c  n 
o  n 


(19) 
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(U)  Equation  (20)  la  cha  central  equation  of  the  uoaputatlon.  In  ordar 
to  coapute  and  Integrate  i,  we  need  Po(t),  f(t),  fr(t),  F(t),  aa  well  aa  tU» 
llnearlied  coefflclenta  aCp/aP^  and  3Cp/3£n,  and  the  Initial  throat  radlua, 
r(o). 


(D)  Generally  the  flrat  derivative  of  tho  C.  (vac)  la  taro  alnce  neither 
the  noazle  atagnatlon  preaeure,  P  ,  or  the  nozzle  expanalon  ratio,  c^, 
vary  significantly  froa  the  Initial  condltlona. 


lefarenca  1.  Altiean,  D.,  et  el.  Liquid  Propellent  Sockets,  Princeton 
^  '  Unlveralcy  Prcsa,  1960. 
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The  reiulta  o£  the  Task  U  phase  of  an  injector/ chamber  scaling  feasibility 
program  are  presented.  During  the  fourteen  month  program  covering  the 
period  from  11  December  1968  to  5  February  1970  three  ablative  thrust 
chambers  were  designed,  fabricated  and  test  fired.  Low-cost  liner  materials 
were  used  in  three  chamber  designs;  the  material  selection  was  based  upon 
subscale  test  data  generated  by  both  AFRPL  and  TRW  Systems.  Low-cost 
fabrication  techniques  were  employed  throughout,  ablative  comf>onents  were 
fabricated  by  tape-wrapping,  hand  lay-up,  high  pressure  molding  and  casting. 
Several  fabrication  problems  with  the  low-cost  materials  were  delineated. 

Four  ablative  materials  were  evaluated  in  the  test  program.  Two  of  the 
materials  evaluated  (MX-2600  silica-phenolic  and  Dow-Corning  93-104  filled 
silicone  rubber)  had  acceptable  performance  for  use  in  low-cost  engines  of 
this  type  and  for  use  m  multimillion  pound  thrust  booster  engines. 
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